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ABSTRACT 


The  design  and  development  of  piezoelectric  transducer  arrays 
suitable  for  use  in  electronically  scanned  and  focused  acoustic 
imaging  systems  is  described.  These  arrays  are  designed  to  operate 
in  the  frequency  range  2-5  MHz  within  45X  to  80Z  fractional  band  - 
widths.  Linear  arrays  of  up  to  180  elements  have  been  built  and 
used  extensively  in  acoustic  inaging  systens.  Particular  attention 
is  placed  on  achieving  high  transduction  efficiency  and  angular  beas- 
widths  of  at  least  'CIS  .  ^  * 

Design  techniques  based  on  the  transmission  line  model  of  the 
transducer  of  Krimholtz,  Leedon,  and  Matthael  are  formulated  for 
achieving  efficient,  broadband  operation.  These  techniques  involve 
the  use  of  quarter-wave  matching  layers  between  a  high  Impedance 
ceramic  and  a  low  impedance  load.  Broadband  catching  ctiteria  are 
generated,  and  a  novel  technique  for  selecting  tha  quarter -wave 
catching  layer  ispedances  is  described.  The  theoretical  transient 
response  of  the  transducer  is  obtained  by  taking  the  Fourier  trans¬ 
form  of  the  transfer  function  of  the  transducer.  An  experimental 
transducer  built  using  the  formulated  design  techniques  is  described 
and  its  characteristics  compared  to  theory. 

Slot  .ransducsr  arrays  employing  tall,  narrow  elements  are 
de-'-r.rihed .  A  one-dimensional  model  of  this  kind  of  element  is  formu¬ 
lated,  and  the  effects  o£  conniing  between  element  resonant  modes  are 
examined-  /  variation*  theory  for  the  effective  radiation  impedance 
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of  a  narrow  decent  is  formulated,  and  the  effect  of  this  inpedance 
on  the  transducer  characteristics  it  described.  Experinental  results 
with  sicple,  highly  backed  arrays  o*  100  to  120  elecents  as  well  as  an 
180  decent  double  quarter-wave  I  array  are  conpared  with  the 

theoretical  predictions.  A  brief  d«.  ^tion  of  the  effects  of  array 
cross-coupling  on  the  elecent  spatial  frequency  response  is  included. 

The  theory  of  unslotted,  oonolithic  transducer  arrays  is  presented 
along  with  experinental  results  with  sicple,  highly  backed  Donclithic 
arrays.  Problems  with  achieving  a  uniform  spatial  frequency  response 
for  an  array  of  high  acoustic  inpedance  elecents  radiating  into  a  low 
inpedance  load  are  detailed.  An  application  or  this  type  of  array  using 
low  acoustic  ispedance  caterial,  PVF,,  is  shown.  The  broad  and  uniform 
angular  response  of  a  ceracic  aonoiithic  array  radiating  into  cecal  is 


denonstrated 
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CHAPTER  I 


INTRODUCTION:  CENERAL  DESIGN  CONSIDERATIONS 

The  use  of  high  frequency  sound  raves,  or  ultrasound,  to  visualise 
che  internal  structure  of  biological  tissue  and  to  detect  flaws  and  de¬ 
fects  in  engineering  materials  has  gained  impetus  in  recent  years.  More 
widespread  acceptance  of  the  use  of  ultrasound  in  medical  diagnosis,  and 
the  increased  search  for  improved  methods  of  detecting  and  characterizing 
flaws  in  engineering  materials  such  as  nuclear  reactor  vessels,  gas  pipe¬ 
lines,  and  airplane  structures  have  stimulated  the  development  of  no re 
effective  ultrasonic  equipment.  This  development  has  been  directed  to¬ 
wards  increasing  the  scanning  rate,  the  resolution  and  the  sensitivity 
of  acoustic  imaging  systems  used  in  these  applications. 

Heretofore  most  acoustic  imaging  systems  have  employed  a  single 
acoustic  transducer  which  is  mechanically  scanned  to  form  an  image 
which  is  displayed  on  a  cathode  ray  tube.  The  image  is  not  formed  in  real 
time,  it  usually  has  limited  resolution  because  the  aperture  of  a  single 
focused  transducer  is  typically  small,  and  the  transducers  themselves 
have  not  been  optimized  for  maximum  bandwidth  and  efficiency.  The  non- 
real  time  aspect  of  acoustic  imaging  in  medical  diagnostic  applications 
is  a  severe  problem  in  visualizing  coving  anatomical  structures  such  as 
the  heart.  Furthermore,  because  of  the  variability  of  slow  mechanical 
scanning, a  large  burden  is  placed  on  the  operator  to  create  and  Interpret 
the  images.  In  the  nondestructive  testing  field,  the  use  of  single 
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mechanically  scanned  transducer  systems  is  costly  and  time-consuaing, 
especially  when  large  structures  are  being  examined. 

One  obvious  nethod  of  increasing  the  scan  rate  and  increasing 
the  aperture  of  the  systea  is  to  use  a  number  of  separate  transducers 
excited  one  or  several  at  a  time  which  are  electronically  switched  to 
increase  the  scan  race.  A  number  ot  systems  are  being  developed  using 
multiple  transducers.  Most  of  these  attempt  to  achieve  real  tioe  opera¬ 
tion  at  inage  frame  races  greater  than  15  frames  per  second.  With  arrays 
of  elenencs  of  large  enough  dimensions,  diffraction  United  resolution 
can  be  obtained,  the  transducers  in  these  systems  can  be  arranged  in 
one-dinensional  linear  arrays,*  ^  two-dimensional  square  arrays, ^ 
planar  ring  arrays,**’*^  and  combinations  of  linear  and  ring  arrays.*^ 
These  syscens  are  usually  operated  in  the  pulse-echo  code,  with  variable 
electronic  tine  delays  to  each  transducer  providing  bean  steering  and 
focusing  if  desired. 

Although  the  transducer  arrays  reported  here  were  designed  for  use 
in  a  particular  type  of  imaging  systea  being  developed  in  this  labora¬ 
tory,  most  of  the  design  considerations  are  applicable  to  any  imaging 

system,  the  imaging  system  for  which  these  arrays  were  built  is  ex ten - 
6  14  1 5 

sively  described  elsewhere,  *  *“  so  only  a  brief  description  of  the 

systea  will  be  included  emphasizing  those  aspects  which  influence  the 
design  of  transducer  arrays. 

The  Imaging  system  for  which  the  arrays  described  here  have  been 
designed  is  based  on  the  synthesis  of  an  electronic  lens  which  can  be 
focused  at  different  depths  and  rapidly  scanned  across  the  field  of 


view  (Fig.  1-1; .  In  this  inaging  system,  gated  continuous  wave  signals 
are  applied  to  the  individual  elements  of  a  section  of  a  linear  array 
of  acoustic  transducers.  The  signal  at  each  transducer  element  is  de¬ 
layed  in  phase  in  such  a  nailer  so  chat  the  acoustic  energy  emitted  by 
the  transducer  elerent s  has  a  quadratic  variation  in  phase  across  the 
excited  elements.  This  phase  variation  is  constructed  to  cancel  the 
spatial  phase  variation  in  the  paraxial  approximation  so  that  the 
acoustic  bean  is  caused  to  cone  to  a  focus  In  the  exact  analogue  to  a 
normal  lens. 

The  reference  phase  delays  necessary  to  fccus  the  acoustic  bean 
are  provided  by  a  tapped  surface  acoustic  vave  delay  line.  A  surface 
acoustic  vave  is  launched  down  the  delay  line  with  a  linear  variation 
in  frequency  with  time.  This  yields  a  quadratic  phase  variation  in 
space  at  the  individual  taps  on  the  delay  line.  Mixing  these  signals 
with  a  reference  signal  at  each  element  of  the  array  provides  a  bean 
with  the  desired  center  frequency  and  a  spatial  quadratic  phase  varia¬ 
tion.  The  focal  point  of  this  lens  is  then  scanned  across  the  field 
by  the  moving  surface  vave  on  the  delay  line,  scanning  at  near  the 
surface  vave  velocity. 

A  fixed  focus  C-scan  imaging  system  (Fig.  1-2)  can  be  built  with 
a  cvo-disenslonal  field  being  produced  by  mechanically  scanning  the 
object  (or,  alternatively,  the  array)  in  a  plane  perpendicular  to  the 
front  of  the  array.  A  most  interesting  feature  of  this  type  of  Imaging 
system  is  the  use  of  cvo  linear  arrays  of  X  transducer  elements  to 
produce  a  cvo -dimensional  Image  of  approximately  resolvable  sp^ts. 

This  provides  potentially  large  savings  in  the  cost  of  electronics  over 
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electronically  scanned  and  focused  acoustic  imaging  system 
ransduccr  array. 


SLIT  TO  PROVIDE 
VERTICAL  RESOLUTION 


systems  using  tvo-dicensional  arrays  with  eleaents. 

The  opticua  design  of  the  icaging  systen  just  described  requires: 

(1)  Each  elenent  of  the  transducer  array  nust  respond  3S  uniformly  as 
possible  over  an  operating  bandwidth  of  at  least  50Z.  Even  higher 
bandwidchs  would  be  desirable  in  order  to  ;nange  the  center  frequency 
of  the  inaging  systen  for  different  applications.  (2)  The  efficiency 
of  the  transducer  consistent  with  the  bandwidth  considerations  should 
be  as  high  as  possible  in  order  to  saxiaize  the  sensitivity  and  the 
dynaaic  range  of  the  imaging  systen.  (3)  The  individual  elements  should 
have  unifora  responses  so  that  array  artifacts  are  not  introduced  in  the 
acoustic  inage.  (4)  The  eleaents  of  the  array  should  be  ideally  placed 
at  intervals  of  half  the  acoustic  wavelength  (the  Nyquist  sanpling  rate). 
If  the  interval  is  increased,  aliasing  of  the  inage  will  be  produced  froa 
grating  sidelobes,  in  the  sane  sanner  that  grating  lobes  are  produced  froa  a 
diffraction  grating.  (5)  In  order  for  tne  electronic  lens  to  present  as 
large  a  field  of  view  with  as  wide  an  aperture  as  possible,  the  angular 
response  of  the  individual  eleaents  should  be  unifora  and  broad  over  a 
3  dS  halfwldth  of  15°  to  30°.  (6)  The  cross  coupling  between  the  indi¬ 

vidual  eleaents  should  be  as  snail  as  possible  to  reduce  array  artifacts 
in  the  inage. 

All  of  these  systen  considerations  are  inportanc  to  the  perfomance 
of  pulse-code  inaging  systens  as  well  as  the  systen  previously  described. 

A  few  differences  should  be  noted,  however.  Soae  pulse-node  systens  use 
a  sector  scanning  technique  where  the  acoustic  bean  is  steered  in  space 
like  a  phased  array  radar.  In  this  situation,  even  larger  bean  half- 
widths,  typically  45°,  are  necessary  to  obtain  a  large  field  of  view. 
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In  addition,  in  pulse-code  applications,  a  broadband  electrical 
signal  is  applied  to  the  transducer  which  can  then  excite  ny  spurious 
modes  in  the  element  which  lie  near  the  code  of  interest,  resulting  in 
array  artifacts  and  loss  of  signal  power.  This  is  not  such  a  severe 
problem  in  the  variable  frequency  imaging  system  previously  described 
where  the  frequency  range  of  the  electrical  driving  source  can  be  limited 
to  the  code  of  interest. 

Considering  these  systems  requirements,  an  array  design  must  be 
formulated  which  attempts  to  meet  all  these  requirements  or  finds  the 
best  performance  trade-off  if  the  requirements  are  contradictory.  The 
transducer  arrays  described  in  this  report  are  built  to  operate  in  fre- 
quency  ranges  between  2  to  5  MHz.  This  range  was  originally  chosen  for 
demonstration  purposes  for  the  variable  frequency  imaging  system.  It 
has  general  applicability  in  medical  diagnosis  because  che  body  tissue 
attenuation  and  restrictions  on  signal  power  limit  the  usable  frequencies 
to  this  range.  It  is  also  useful  in  nondestructive  testing  applications 
for  the  same  basic  reasons.  The  techniques  described  in  Chapter  III  for 
constructing  slotted  arrays  are  liaited  to  less  than  10  MKz.  Higher 
frequency  arrays  can  be  constructed  using  the  type  of  array  described  in 
Chapter  IV  or  etching  techniques  similar  to  those  used  in  integrated  cir¬ 
cuit  technology  could  be  developed  for  slotted  arrays. 

The  spacing  of  elements  in  a  linear  array  is  determined  by  the 
acoustic  wavelength  in  the  load  medium;  that  is,  by  the  center  fre¬ 
quency  and  the  acoustic  velocity  in  the  load  medium.  If  a  3  MHz  center 
frequency  signal  is  to  be  generated  or  received  into  a  water  load,  the 
wavelength  is  then  0.5  cm.  The  ideal  transducer  element  spacing  of 
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one-half  wavelength  is  then  0.25  mm.  The  experimental  arrays  described 
in  this  paper  were  built  with  0.5  or  0.64  en  spacing  to  reduce  th^ 
number  of  electronic  channels  in  the  system  for  a  given  field  of  view 
and  hence  the  system  cost.  Smaller  sp3cings  could  have  been  achieved 
with  the  techniques  used. 

The  requirement  for  broad  angular  beam  widths  generally  determines 
the  maximum  width  of  the  transducer  element.  If  the  width  of  the  ele¬ 
ment  is  several  times  the  acoustic  wavelength  of  the  load  medium, 
usually  water,  the  angular  beam  width  will  be  small.  This  is  easily 
demonstrated  by  considering  a  plane  wave  incident  upon  a  transducer  of 
finite  width  L  at  an  angle  9  to  the  surface  normal.  The  phase 
variation  across  the  face  of  the  element  varies  as  exp{-ikx  sin  0;  . 
Integration  over  the  width  of  the  element  yields  the  normalized  output 
of  the  transducer,  ?(9)  ,  as  a  function  of  angle: 

L/2 

F(e)  •  l/L  f  e-lk*Sln9<Jx  ,  fc  -  2jA 
-L/2 

sin(n./X  sin  5) 

r(e)  .  - - —  (1-1) 

[zl/X  sin  9j 

where  r (6)  -  1  at  9*0.  If  one  defines  the  acceptance  angle,  9^ 
as  the  angle  at  which  the  output  has  fallen  3  dB,  then 


If  an  acceptance  angle  of  30°  is  desired  at  3  MHz  (X  »  0.5  cm  in  water), 
then  L  oust  be  less  than  0.44  mm.  As  can  be  seen,  if  the  element 
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spacing  is  close  enough*  this  requirement  is  automatically  satisfied. 
Broader  acceptance  angles  can  be  achieved  with  narrower  elements. 

More  detailed  discussion  of  this  point  will  be  given  in  Chapters  III 
and  IV. 

General  piezoelectric  design  considerations,  involving  improved 
techniques  for  achieving  broad  bandwidth  with  high  efficiency,  will  be 
discussed  in  Chapter  II.  These  considerations  are  based  on  the  use  of 
multiple  quarter-wave  catching  layers.  A  new  method  for  choosing  the 
acoustic  properties  of  these  layers  will  be  described  and  the  integra¬ 
tion  of  the  matching  layers  into  the  overall  design  of  a  transducer 
including  backing  and  electrical  catching  to  achieve  high  efficiency, 
broad  bandwidth,  and  good  impulse  response  will  be  discussed  in  detail. 
This  design  approach  is  a  distinct  advance  in  the  state-of-the-art  since 
transducer  design  has  been  almost  totally  empirical  in  the  past  except 
in  some  of  the  sicplest  cases.16,17  In  Chapter  II  these  considerations 
will  be  limited  to  simple  thin  disc  transducers  which  are  easier  to  build 
and  understand  theoretically.  Also  included  in  this  chapter  will  be  a 
discussion  of  practical  techniques  for  implementing  broadband  transducer 
designs.  A  single  quarter-wave  matched  transducer  was  built  to  illus¬ 
trate  the  design  principles,  and  the  properties  of  this  transducer  will 
be  cospared  to  the  theoretical  predictions.  In  addition,  a  brief  de¬ 
scription  of  the  measurement  techniques  used  to  characterize  experimental 
transducers  will  be  included. 

A  description  of  slotted  linear  transducer  arrays  will  be  given  in 
Chapter  III.  Included  In  this  description  will  be  rationale  for  our 
employment  of  tall,  thin  transducer  elements  in  the  array.  These  types 
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of  elements  offer  distinct  advantages  over  the  standard  short,  wide 
elenents  employed  in  nost  arrays  or  square  cross-section  elements 
including  stronger  piezoelectric  coupling  by  a  factor  of  two  and 
weaker  excitation  of  spurious  nodes  of  the  resonator.  The  charac¬ 
teristics  of  the  resonant  node  of  these  elenents  as  well  as  other 
spurious  nodes  which  rust  be  considered  are  discussed.  The  design  of 
quarter-wave  aatching  layers  for  these  elenents  will  be  included  as 
well  as  that  of  sinple  backed  transducers.  The  effective  load  and 
backing  icpedance  seen  by  a  snail  elenent  radiating  into  an  infinite 
half  space  has  been  calculated  by  variational  theory  and  will  be 
shown.  This  has  cot  been  considered  before  in  the  design  of  elenents. 
Design  of  practical  electrical  catching  networks  to  optisize  the  power 
radiated  into  the  load  will  then  be  described.  Finally,  aspects  of  the 
cross-coupling  problen  between  array  elenents  will  be  developed  froa 
both  practical  and  theoretical  considerations.  Experinental  aulti- 
elenent  arrays  either  backed  or  backed  and  quarter-wave  nacched,  will 
be  described  as  illustration  of  the  techniques  described. 

Finally,  in  Chapter  IV,  the  theory  of  nonolithic  arrays,  first 
18,19 

suggested  by  Auld,  will  be  described  and  probleas  and  design  con¬ 
siderations  for  this  new  type  of  array  will  be  outlined.  Experinental 
results  with  sinple  broadband  backed  nonolithic  arrays  will  be  described 
illustrating  the  probleas  involved  with  tha  design  of  such  arrays  using 
piezoelectric  ceraaics  such  as  the  lead  zirconate  titanates  and  the  lead 
aecaniobates.  Finally  applications  of  such  arrays  using  aaterials  like 
PVF?  and  air-backed  ferroelectric  ceraaics  radiating  into  netals  will 
be  described. 


CHAPTER  II 


DESIGN’  OF  EFFICIENT,  BROADBAND  PIEZOELECTRIC  TRANSDUCERS 

A.  INTRODUCTION 

The  techniques  for  designing  broadband,  highly  efficient  acoustic 
transducers  are  cocson  to  both  array  elenents  and  sisple  thin  disc 
transducers.  Since  the  thickness  resonance  of  thin  disc  transducers 
is  well  understood,  new  design  schemes  are  sore  easily  checked  out  with 
these  relatively  sitrple  structures  than  on  snail  array  elenents.  There¬ 
fore,  this  chapter  will  be  concerned  with  basic  aechanical  and  electrical 
broadband  catching  techniques  as  applied  to  thin  disc  transducers.  These 
ideas  will  then  be  adapted  to  the  design  of  array  elements  in  the  next 
chapter. 

A  design  net hod  for  achieving  nearly  1002  transduction  efficiency 
over  large  bandvidths  Is  presented.  The  concept  is  employed  that  one 
or  note  quarter-wave length  acoustic  catching  sections  =ust  be  used  for 
efficient  broadband  operation  when  a  high  ispedance  piezoelectric  cerasic 
is  loaded  with  a  low  ispedance  cedi us,  typically  water.  The  fact  that 
the  transducer  catcrial  itself  can  be  regarded  as  a  finite  length  trans- 
sission  line  is  taken  into  account  in  the  catching  procedures.  Tnis 
fact  sigftif leant ly  affects  the  choice  of  lcpedances  for  the  quarter- 
wave  notching  sections  to  be  employed.  In  addition,  in  order  to  design 
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transducers  with  good  impulse  response,  the  bandshape  of  the  trans¬ 
ducer  passband  should  be  Gaussian  in  fora.  This  criterion  is  neces¬ 
sary  since  the  inpulse  response  is  simply  the  Fourier  transfora  of 
the  frequency  response,  and  the  transfora  of  a  Gaussian  shaped  pass- 
band  is  an  RF  pulse  whose  frequency  is  the  center  frequency  of  the 
passband  with  a  Gaussian  shaped  envelope.  Transducer  designs  will  be 
formulated  with  this  need  in  mind. 

The  electrical  input  impedance  of  an  acoustic  transducer  and 

consequently  the  insertion  loss  and  ocher  parameters  of  interest  can 

20 

be  determined  from  the  well-known  one-dimensional  Mason  model.”  In 
addition,  the  effects  of  complex  acoustic  load  and  backing  impedance 
on  the  overall  response  at  the  transducer  can  easily  be  taken  into 

account  with  this  model.  In  several  papers,  notably  those  of  Kossof f 
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Goll  and  Auld,~  and  Coli,““  the  effect  of  various  acoustic  matching 
layers  at  toe  two  acoustic  ports  of  the  transducer  on  the  transducer 
characteristics  have  been  analyzed.  These  approaches  have  included  the 
use  of  high  loss  backing  materials  and  quarter-wave  matching  sections. 
However,  the  design  of  transducers  with  high  sensitivity  (low  insertion 
lo$$),  broad  bandwidth  with  low  ripple,  and  short-duration  icpalse 
response  has  remained  largely  a  trial  and  error  process.  This  i*  be¬ 
cause  the  Mason  model  is  a  lumped  circuit  model.  Thus,  it  does  not  lend 
Itself  easily  to  physica’  interpretation  of  the  effects  of  various 
acoustic  matching  layers  whose  thickness  are  the  order  of  a  quarter 
wavelength.  The  optimization  of  the  transducer  characteristics,  such 
as  the  bandwidth,  bandshape,  and  impulse  response  is,  in  turn,  hampered. 


A  design  procedure  is  presented  here  based  cn  the  cransalssion  line 
model  of  the  transducer  of  Krimholtz,  Leedon,  and  Matthaei,^*'*^  shewn 
in  Fig.  2-1.  This  model  has  the  advantage  that  it  retains  the  intui¬ 
tively  satisfying  transmission  line  nature  of  the  transducer,  but  re¬ 
places  the  real  distributed  coupling  due  to  the  piezoelectric  effect 
with  a  single  coupling  point  at  the  center  of  the  transducer.  The  dif¬ 
ferences  between  distributed  and  single  point  couplings  are  included 
through  a  frequency  dependent  turns  ratio  in  the  coupling  transformer 
and  a  series  reactance.  Both  physical  intuition  and  cosputation  are 
facilitated,  since  acoustic  catching  techniques  typically  use  trans¬ 
mission  line  formalism  in  theory  and  transmission  line  catching  sections 
in  practice.  Electrical  catching  techniques  in  the  frequency  range  of 
interest  typically  use  lumped  components.  The  catching  techniques  have 
been  analyzed  and  synthesized  on  a  series  of  computer  programs.  The 
electrical  input  impedance,  conversion  loss,  and  impulse  response  of  a 
transducer  can  then  be  easily  determined.  The  accuracy  of  such  tech¬ 
niques  is  sufficient  so  that  the  effects  of  finite  bond  thicknesses  be¬ 
tween  matching  layers,  of  stray  capacitances  and  inductances,  and  of 
excess  electrical  resistance  show  up  strongly,  and  cake  it  possible  to 
determine  the  nature  of  errors  ic  the  construction. 

One  transducer  has  been  built  to  illustrate  this  design  approach 
and  shows  characteristics  in  excellent  agreement  with  the  theory.  This 
transducer  was  constructed  using  lead  metanlobate  (Keracos  K-81)  as  the 
active  material,  matched  into  water  with  a  single  epoxy  catching  section, 
air  backed,  series  inductively  tuned,  and  matched  into  50  ohms.  This 
transducer  shows  the  desired  flat  response  over  the  40X,  3  dS  passband, 

6.5  d3  round-trip  insertion  loss  at  band  center,  and  the  predicted  impulse 
response. 
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FIG-  2-1.  Transmission  line  model  of  piezoelectric  transducer  (after 
Krinholtz,  leedos,  Xatthael). 


A  double  quarter-wave  satched  transducer  was  built  by  Fraser25 
using  epoxy  and  a  light  borosilicate  glass  as  the  quarter-wave  plates. 
This  transducer  shoved  3.2  d5  insertion  loss  and  a  70%  passband.  The 
author  concentrated  on  applying  the  catching  techniques  to  array 
eleoeats. 

3.  TRANSDUCER  MODEL 

23 

The  transmission  line  model  of  Kriaboltz,  Leedoc,  and  Macthaei,  * 
hereafter  called  the  KLM  model ,  will  be  the  basis  of  the  transducer 
designs  in  this  paper.  In  this  sodel  the  piezoelectric  element  of 
the  transducer  (the  term  transducer  will  be  used  to  describe  the  overall 
device  consisting  of  the  piezoelectric  element,  backing,  mechanical 
transformers,  and  electrical  catching  components)  is  described  In  the 
following  cancer:  (1)  a  center-tapped  acoustic  trassnission  line  with 
a  half-wave  resonant  frequency  and  terminated  by  front  and  back 
acoustic  loads;  (2)  a  frequency  dependent  acoustcelactric  transformer 
connected  at  the  center  node;  and  (3)  two  aeries  luaped  elements,  one 
a  capacitance  representing  the  clasped  (zero-strain)  capacitance  of  the 
piezoelectric  caterlal,  and  the  other,  a  purely  reactive  impedance  aris¬ 
ing  froa  the  distributed  nature  of  electroacoustic  coupling. 

The  transformer  has  a  turns  ratio  0:1  where 

t  -  Zc>1/2  slncC W2j0)  ,  (2-1) 

and  the  parameters  are  defined  as: 

d  *  thickness  of  the  piezoelectric  eleaent 
A  •  area  of  the  piezoelectric  eleaent 


o  m  mass  density 

S 

€  •  clasped  dielectric  constant 

D 

c  *  stiffened  elastic  constant 
-  stiffened  acoustic  velocity 

»  stiffened  acoustic  impedance 
e  -  electromechanical  coupling  constant 

*  e^/cDeS  *  effective  piezoelectric  coupling  coefficient 

Z  -  Z  A 
c  a 

*  av  /d  ■  half-wave  resonant  frequency 

c 

Cq  *  c  A/d  -  clasped  capacitance 
sinc(x)  •  sin(x)/x. 

The  additional  reactance  in  series  with  the  transformer  can  be  ocdeled 
as  a  variable  capacitance  of  a  value 

C'  -  -(C0/*j)  siac(»u/u0)  .  (2-2) 

As  JC ’  J  »  *Cq |  ,  It  has  only  minor  Influence  on  the  operation  of  the 
transducer.  This  codel  has  retained  close  ties  with  the  actual  physical 
processes  In  an  acoustic  transducer,  with  the  advantage  of  a  single  cen¬ 
tral  coupling  point  betveen  electrical  and  acoustic  quantities. 

C.  BROADBAND  MATCHING  CRITERIA 


The  opticus  conditions  for  obtaining  caxicuc  bandwidth  vlth  minimum 
Insertion  loss,  where  the  acoustic  parts  of  a  transducer  are  terminated 
vlth  pure  resistive  loads.  Is  calculated.  The  RIM  equivalent  circuit 
for  this  case  Is  a  half-wave  transmission  line  terminated  by  a  load  Z^ 
at  one  end  and  a  load  Z^  at  the  other.  When  Z^.Z^  <  ?£  ,  the  apprcxi- 

cate  acoustic  Q  (  of  this  resonator  can  be  determined  roughly  from 
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a  sleple  lumped  circuit  representation  of  the  line.  The  impedances  Z 
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and  ZR  are  transformed  to  the  center  tap  where  their  values  become 
2  2 

Z^/Z^  and  2C/2R  respectively.  The  total  resistance  at  the  center 
tap  Is  then  Z^/CZ^+Z^)  .  The  resultant  two  short-circuited  quarter- 
wave  transmission  line  sections  are  modeled  by  expanding  the  reactance 
of  each  line. 


Xin(j)  ’  Z, 


in  a  power  series  representation  where  the  formula 


U  [(2a+i)  i'2'*2 


is  used.  Thus  the  line  reactance  can  be  represented  in  the  fora 


2ii  a  a 

Vu>  *  Xi1~T  +  _a  +  a-. 

^7  W  “  U  W 


Froa  this  formula  a  lumped  element  model  can  be  determined  which 
has  the  fora  shown  in  Fig.  2-2,  where  the  lumped  constant  element  values 
are  CQ  -  -l/aQ  ,  Cn  -  -l/(2a_)  ,  and  Ln  -  (-22J/J  .  Coeblcing  Eqs. 
(2-3)  and  (2-4),  che  eleaenc  values  for  the  r  rolth  and  first-order  codes 
for  each  short-circulred  quarter-wave  line  are  Cp  •  «  ,  •  0  ,  « 

C.  -  t/ (4wp2p)  ,  and  Lj  -  (42,). '('Up)  .  Since  the  two  line;  sre  con¬ 
nected  In  parallel,  the  two  equivalent  circuits  are  added  la  parallel;  an 
che  total  equivalent  circuit  representing  the  resonance  near  u  *  «p  can 
be  represented  as  shown  in  Tig.  2-3.  The  acoustic  Q  of  the  transducer 
can  new  be  found  fro-a  Q  *  un (scored  energy) /(average  power  loss)  or 


ass 


37/2-* 


Co 

Hh 


FIG.  2-: 


c,  c2 


.  Lumped  eleaent  representation  of  reactance  of  a  crans- 
aission  line. 
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for  the  parallel  RLC  circuit  shown  in  Fig.  2-3.  On  the  other  hand,  the 


electrical  input  resistance  of  the  transducer  at  w  *  is 


(-*-)  • 
'Z„  +  Z,  / 


“0VZR+ZL 


Thus,  if  the  transducer  is  operated  in  a  simple  series  tuned  circuit 
such  that  the  tuning  inductance  L  is  chosen  so  that  , 

and  if  a  constant  voltage  source  is  used,  the  electrical  Q  »  Q  »  of 
the  circuit  is  sisply 


o„R _„C„  4kl  \  Z„  / 


It  is  apparent  froa  (2-6)  and  (2-8)  that  0  decreases  as  (ZR+ZL) 
increases  but  Increases.  For  opticus  bandwidth  is  obtained 
with  Qe  •  Qa  ,  so  chat  the  following  condition  is  reached  for  the 
opticus  acoustic  load  icpedance: 


Therefore,  for  widest  bandwidth  and  highest  efficiency,  one  should 
choose  a  caterial  with  as  large  a  Kp  as  possible.  This  lowers  Qc 
of  the  circuit  acd  froa  (2-9),  changes  the  opticua  choice  of  terai- 
nating  iapedances. 

An  approxiaate  derivation  of  the  paraaeters  of  the  cccplete  equiva¬ 
lent  circuit  of  the  transducer  shows  that  the  icpedance  presented  at  the 
cransforaer  terainal,  correct  to  first  order  in  a  -  (a  -  a„)/un 


Is 


IH 


ZR+ZL 


■  -  Jr5 


<ZR  +  V 


(2-10) 


The  reactive  part  of  this  iapedaoce  is  like  that  c£  a  negative  induc¬ 
tance.  The  reactance  seen  at  the  generator,  including  a  series  tuning 
inductance  L  chosen  so  that  uQL  -  1/uqCq  ,  is 


(2-11) 


This  expression  is  correct  to  first  order  in  U  .  The  first  tera  in 
Eq.  (2-11)  is  due  to  L  and  CQ  in  series;  the  second  tera  is  due  to 
the  capacitance  C*  in  the  equivalent  circuit,  and  the  third  tera  is 
due  to  the  acoustic  loading.  It  can  be  seen  that  the  first-order 
variation  of  the  reactance  X  with  frequency  is  ainiaized  if  ZR4  Z^ 
is  chosen  to  satisfy  Eq.  (2-9).  Therefore,  this  choice  of  terainating 
lapedance  satisfies  the  requireaent  for  optisuo  catching  froa  a  constant 
voltage  source,  as  veil  as  the  requireaent  for  an  approxlcate  cancel¬ 
lation  of  the  reactance  variation. 

If  the  lapedance  of  the  generator  is  chosen  to  equal  Sa0  ,  che 
efficiency  of  power  transfer  to  che  transducer  is 


n  -  - — 5= - j  .  (2-12) 

(Ra+Ra0)  -X 

Since  R^  »  R^  at  the  center  frequency,  and  since  the  first-order 
variations  of  the  reactance  with  frequency  are  essentially  eliminated, 
che  efficiency  n  will  have  only  fourth-urder  variations  with  frequency 
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due  co  the  variation  of  X  with  frequency.  First-order  variations  of 
with  frequency  only  give  rise  to  second-order  variations  of  n  . 

These  results  can  be  applied  co  air-backed  transducers  using  high 
piezoelectric  ceranics.  In  the  case  of  a  lead  setaniobace  trans¬ 
ducer  (k^  ■  0.32  ,  Z^  •  20.6),  the  optical  choice  of  the  load  impedance 
transformed  to  the  center  cap  for  a  series  cuned  100Z  efficient  trans¬ 
ducer  is  44.4.  For  FZT-5A  (k^  *  0.5  ,  ■  34),  this  impedance  is  48.2. 

It  will  be  shown  in  the  next  section  that  transformed  load  impedances 
close  to  chese  estimates  can  be  achieved  with  one  quarter-wave  place  for 
water-loaded  lead  mecaniobate  and  two  quarter-wave  plates  for  water-loaded 
PZT-5A  if  the  transducer  ceramic  is  taken  into  accouot  in  the  matching 
scheme. 

D.  FRONT  ACOUSTIC  LOAD  LINE 

The  acoustic  catching  problem  for  a  piezoelectric  ceramic  used  to 
excite  an  acoustic  wave  in  water  is  now  considered.  The  impedance  of 
the  transducer  material  is  typically  20  co  35  and  chat  of  the  water  is 
1.5.  Thus,  in  the  XLM  model,  the  impedance  looking  into  the  right  hand 
acoustic  load  line  is  like  that  of  a  transmission  line  with  essentially 
a  short  circuit  termination.  The  impedance  is  very  high  at  the  center 
frequency,  but  drops  quickly  to  low  values.  Consequently,  the  band¬ 
width  of  the  transducer  is  very  snail,  unless  the  impedance  at  the 
center  is  kept  low  by  using  a  backing  termination. 

Quarter-wave  impedance  transformers  between  the  load  and  the 
piezoelectric  ceramic  will  broaden  out  the  response  characteristics, 
giving  higher  efficiency  chan  transducers  damped  by  a  matched  backing 


and  broader  acoustic  bandwidth  than  undamped  transducers.  In  the  past, 
such  transformers  have  been  designed  to  match  the  load  impedance  to  the 
characteristic  impedance  of  the  transducer  material  at  the  center  fre¬ 
quency.  A  better  procedure,  which  is  adopted  here,  is  to  design  the 
transformers  to  give  a  desirable  impedance  at  the  center  terminal  of 
the  XLM  model.  Thus,  following  Che  earlier  discussion,  the  front  half 
of  the  transducer  is  itself  treated  as  a  quarter-wave  matching  layer, 
in  addition  to  the  quarter-wave  matching  layers  bonded  to  it.  As 
opposed  to  the  usual  design  procedure,  Z^  ,  the  impedance  of  the  first 
matching  section  is  chosen  to  be  the  transducer  material,  so  Z^  »  Z ^ 
The  value  of  Z^  ,  the  input  impedance  to  this  section,  is  then  deter¬ 
mined.  Thus  a  broadband  catch  is  obtained  because  use  is  cade  of  the 
extra  matching  layer  which  already  exists  in  the  device. 

The  design  of  quarter-wave  transmission  line  matching  sections  has 
been  formulated  by  Collins," ‘  ?d.blec,"  and  Young,**  and  others.  Their 
designs  call  for  the  transmission  lint  reflection  coefficient  magni¬ 
tude  jr|  ,  or,  alternatively,  the  power  loss  ratio  *»  [1/(1-  jr)  ] 

to  exhibit  either  a  maximally  flat  or  Tchebycheff  response  over  the 
desired  frequency  passbacd.  Larger  passbands  are  achieved  by  the 
addition  of  more  transformer  sections. 

A  similar  approach  can  be  used  in  the  design  of  the  acoustic  load 
line,  although  the  acoustic  impedance  mismatches  are  typically  much 
larger  than  the  microwave  ones,  so  higher  order  terms  are  such  bigger 
and  should  be  included  In  the  calculation  of  the  reflection  coefficient 
Nevertheless,  the  design  formulae  developed  for  two  and  three-layer 
transmission  line  sections  can  be  applied  to  the  acoustic  case,  and 
reasonably  good  results  are  obtained  in  exact  numerical  solutions. 
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As  an  illustration,  the  impedance  formulae  for  chc  binomial  trans¬ 
former  are  given  vhich  gives  close  agreement  to  the  maximally  flat  case 


for  3  small  number  of  matching  sections: 


2“N  C* 
n 


:»here 


(2-13) 


Z^  *  terminating  load  impedance 

Z  *  input  impedance  of  the  transmission  line  system 
IN 

Z  *  nth  quarter -wave  matching  section  impedance 


binomial  coefficient  * 


(S-n)!  n! 

transformed  load  impedance  at  the  right  hand  end 


of  the  transducer  transmission  line. 


The  results  shewn  in  Table  2-1  are  used  as  the  starting  basis  for 
the  transducer  designs  reported  in  this  paper.  In  each  case,  Z^  is 
the  impedance  2 ^  of  the  transducer  material. 

As  an  example,  consider  the  design  of  a  transducer  to  te  built 
using  lead  me tan io bate  vich  a  vater  acoustic  load.  One  bonded  matching 
section  is  to  be  employed,  and  a  maximally  flat  passband  is  desired  for 
the  front  load  line.  Using  Table  2-1  for  the  two-layer  transformer, 
and  taking  Z^  -  1.5  and  -  20.0  ,  the  input  impedance  of  the 
acoustic  lead  line  (Z^,)  is  found  to  be  47.4,  over  twice  the  material 
impedance.  This  is  very  close  to  the  optimum  value  of  44.4  calculated 
in  Section  II. C. 
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TABLE  2-1 


Matching  Formulae 


The  impedance  of  the  matching  layer  (Z^)  is  found  to  be  3.56, 
which  differs  markedly  from  the  value  of  5.48,  the  value  calculated 
if  the  ceramic  were  assumed  to  be  an  infinite  acoustic  transmission 
line. 

The  power  loss  ratio  (Pt^)  through  the  catching  layers  is  plotted 
as  a  function  of  frequency  for  both  cases  in  Fig.  2-4.  As  can  be  seen, 
the  ideally  maximally  flat  response  is  obtained  for  the  case  when  the 
catching  layer  icpedance  is  3.56.  In  Fig.  2-5,  a  comparison  of  the 
acoustic  load  line  input  impedances  for  both  cases  is  shown,  and  rapidly 
varying  input  acoustic  impedance  for  the  case  Z^  *  5.48  is  deaon- 
scrated. 

This  system  tends  to  give  a  broader  acoustic  bandwidth,  because 
two  catching  layers  have  been  taken  into  account  and  a  broader  elec¬ 
trical  bandwidth  with  better  efficiency,  because  it  presents  a  higher 
electrical  impedance  at  band  center. 

A  similar  calculation  for  a  PZT-5A  transducer  matched  into  water 
(Z^.  -  34)  yields  a  value  of  Z ^  for  two  matching  sections  of  96.2; 
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300 


lcnl  impedance  of  lend  muta..iobntc  trnnaducur  matched  with  ninglo 


vlth  three  sections,  Z^  -53  ,  m  8-9  ,  Z^  »  2.34  .  The  value  of 
Zjj.  for  the  three  section  Hatched  systea  is  slightly  larger  than  the 
optisua  value  of  Z^  »  48.2  estimated  in  Section  II. C. 

Therefore,  it  is  concluded  that  the  optima  lead  setanlobate  trans¬ 
ducer  aatched  to  water  requires  one  extra  Hatching  layer  with  an  tape- 
dance  of  3.56,  while  the  PZT-5A  transducer  requires  two  catching  layers 
of  inpedances  8.92  and  2.34.  respectively. 

,  Wider  passbands  can  be  obtained  for  a  given  nunber  of  Hatching 
sections  with  Tchebycheff  response  if  passband  ripple  can  be  tolerated. 
As  will  be  shown  in  the  next  section,  the  acoustic  backing  line,  in 
general,  linits  the  usable  bandwidth  of  the  transducer,  so  that  this 
filter  response  is  not  as  useful  as  it  night  be.  Moreover,  the 
Tchebycheff  filter  response  yields  steep  "skirts*'  on  the  frequency 
response,  which  is  undesirable  in  pulse-aode  applications. 

E.  EFFECT  OF  BACKING 


In  the  transmission  line  model,  the  acoustic  impedance  seen  at  the 
center  node  is  the  parallel  coabination  of  the  input  inpedances  of  the 
front  acoustic  load  line  and  the  back  acoustic  load  line.  Ideally,  the 
back  load  line  should  be  designed  to  absorb  as  little  power  as  possible 
and  to  nalntaln  or  enhance  the  passband  characteristics.  lr.  the  simplest 
case,  where  the  transducer  is  air-backed,  the  backing  line  consists  vir¬ 
tually  of  a  shorted  quarter-wave  section  of  piezoelectric  ceranic.  The 
back  load  line  input  inpedance  is  then 


Z 


L 

IN 


j  Zc  tan 


(2-14) 


-  23  - 


At  the  center  frequency,  Z^  is  infinite  and  has  no  effect  on  the 
acoustic  ispedance.  However,  zj^  decreases  rapidly  to  zero  at 
u/Uq  *  2  and  w  -  0  ,  and  Units  the  useful  bandwidth  of  an  air- 
backed  single  quarter-wave  matched  transducer  to  about  45X. 

The  effect  of  the  shorted  back  load  line  on  the  Input  acoustic 
impedance  is  3hovn  in  Fig.  2-6,  for  the  lead  setaniobate  transducer 
previously  discussed.  As  can  be  seen,  the  bandwidth  of  the  passband 
is  considerably  reduced  and  the  band  shape  is  considerably  altered. 

The  combination  of  the  front  load  line  with  a  low  impedance  shunted 
back  load  line  is  an  optimum  for  high  efficiency,  broadband  designs. 
This  is  because  the  imaginary  part  of  Z  ^  varies  linearly  with  fre¬ 
quency  over  the  passband,  so  it  tends  to  cancel  out  some  of  the  errors 
introduced  by  the  electroscoustic  transformer  and  a  simple  series  tuned 
electrical  tuning  network. 

The  efficiency  and  bandwidth  of  an  air-backed  transducer  can  be 

estimated  for  the  case  where  Eq.  (2-9)  is  satisfied.  At  band  center, 

the  KLM  equivalent  circuit  is  shown  in  Fig-  2-7  for  the  untuned  case 

and  a  generator  ispedance  of  Z^  ■  +  l/ia^C*  .  Since  C,  •  • 

at  center  frequency,  its  impedance  can  be  Ignored,  and  the  efficiency 

of  power  transfer  from  generator  to  load  is 

2 


1  +^1  +  (y/2 


(2-15) 


For  PZT-5A  (k^  *  0.25)  ,  n  is  58Z  while  for  lead  setaniobate  (lc^  •  0.10), 
n  is  43Z.  These  efficiencies  correspond  to  minimum  round-trip  insertion 
losses  of  4.7  dB  and  7.3  d3,  respectively.  It  Is  clear  that  the  higher 
the  value  of  k^  ,  the  greater  the  untuned  efficiency. 


ACOUSTIC  IMPEDANCE  (xIO6  kg/mz-sac) 
IMAGINARY  PART  REAL  PART 


The  addition  of  series  inductive  tuning  would  lover  the  minimum 
loss  to  0  dB  at  band  center.  The  bandwidth  can  be  estimated  from  the 
electrical  Q  where  Rq  *  and  for  optimum  power  transfer  and 

condition  (2-9)  is  satisfied.  Therefore, 

1  1  r 

Q  .  -  -  -  .  ___  (2_16) 

WRao)co  2uoRaOco 

For  k?  *  0.25  and  0.10  ,  .  -i-  would  be  902  and  512,  respec- 

~  ,-1o  Qe 

tively. 

The  next  simplest  back  load  line  design  would  be  the  addition  of  a 
resistive  load  of  iapedaoce  Z L  to  the  ceramic  quarter-wave  section. 

This  is  accomplished  in  practice  by  bonding  a  high  loss  material  to  the 
back  of  the  piezoelectric  ccrcaic  to  simulate  an  infinite  transmission 
line,  so  that  no  power  is  reflected  back  into  the  transducer  from  the 
back.  The  efiecc  of  resistive  loads  of  varying  impedance  on  Z^  of 
the  lead  metaniobate  transducer  previously  described  is  shown  in  Fig. 

2-8.  In  general,  as  would  be  expected,  the  midband  Impedance  is  con¬ 
siderably  reduced  as  the  backing  impedance  is  Increased.  When  the 
backing  impedance  approaches  Z c  ,  Zjj.  becomes  entirely  resistive 
and  equal  tc  2^  .  It  should  be  noted  that  most  of  the  available  power 
in  this  case  is  radiated  into  the  back  load  line,  since  its  impedance 

would  be  only  about  40?  of  that  of  the  front  load  line.  With  a  large 

R 

number  of  quarter-vave  plates  on  the  front  load  line,  Z^.  would 
approach  ,  and  the  round-trip  insertion  less  woull  approach  6  dB 
at  best.  In  this  case  the  Z^  drops  in  value  so  broadband  electrical 
matching  becomes  more  difficult.  Thus,  this  type  of  transducer  would 
be  optimised  by  using  several  quarter-wave  plates  wit.  a  more  complicated 


ACOUSTIC  IMPEDANCE  (xIO6  kg/m2-sec) 


FIG.  2-8.  Effect  of  resistively  loaded  back  load  line  on  acoustic 
inpedance  of  saxisally  flat  front  load  line.  Lead  seta 
niobate  transducer  (1.27  cn  diaeeter). 
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catching  network  than  just  a  slcple  inductance.  Alternatively  the  catch¬ 
ing  network  could  be  omitted  at  the  expense  of  a  decrease  in  efficiency. 
It  is  worthwhile  to  consider  here  the  important  case  where  a  trans¬ 


ducer  is  terminated  by  a  matched  backing  (Z„  *  Z.)  and  no  quarter-wave 
matching  is  used.  In  this  case,  cost  of  the  power  is  radiated  into  the 
matched  backing.  If  the  voltage  at  the  center  node  in  the  KLM  model  is  V  , 

the  power  emitted  at  the  center  frequency  into  the  left  and  right  hand 
2  2  2  2 

sides  is  V  Z^JlZ^  and  V  Z^JlZ^  ,  respectively.  Following  previous 
argunents,  since  the  total  radiation  resistance  is 
the  caximua  efficiency  of  an  untuned  transducer  is 


«l+ v(i  +V1+  s<vv/4kk) 

The  caxicua  efficiencies  for  PZT-5A  and  lead  cetaniobate  are  0.92  and 
1.62,  respectively.  This  corresponds  to  rcund-trip  insertion  losses  cf 

/ 

41  dB  and  36  dB,  respectively.  Note  that  in  this  case,  the  lead  ceta¬ 
niobate  transducer  has  greater  efficiency  than  the  PZT-5A  one  because 
its  lower  acoustic  icpedance  catches  water  better. 

The  use  of  a  lossy  backing  of  relatively  low  impedance  is  useful 
in  the  design  of  a  quarter-wave  aatched  transducer,  however.  The  band 

shape  of  2  for  a  backed  transducer  rounds  off  as  Z  is  Increased, 
IN  L 

and  becomes  Gaussian  shaped.  The  impulse  response  of  the  transducer  is 
therefore  icproved,  as  will  be  described.  The  problea  for  the  designer, 
then,  becomes  cocproaising  band  shape  versus  insertion  loss  fcr  this 
particular  transducer  configuration.  A  very  low  icpedance  backing  of 
about  3  appears  to  be  adequate  for  the  single  quarter-wave  matched  lead 


oetaniobate  transducer  described  above. 
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If  the  backing  impedance  were  to  be  cade  large  with  respect  to  Z c  , 

Z^  would  approach  a  short  circuit  at  the  center  frequency  and  increase 
to  some  peak  value  at  approximately  f/fQ*0.5  and  f/fQ*l-5  .  The  trans¬ 
ducer  could  then  be  operated  on  a  quarter-wave  or  three-quart er-wave 
resonance.  Since,  in  tbis  case  the  electroacoustic  transformer  has  a 
better  response  at  low  frequencies,  a  transducer  built  on  this  principle 
could  be  successfully  operated  as  a  quarter-wave  transducer  with  only 

slight  effects  from  the  higher  resonance.  This  design  has  been  used  by 
30 

Bui,  Shaw,  and  Zitelli  for  a  very  broad  bandwidth  transducer  which  uses 
low  impedance  (Zc  »  3.8)  PVT^  as  the  piezoelectric  elenent,  mounted  on 

a  high  impedance  (Z  -  31)  brass  backing.  In  this  case,  the  electrical 
2 

coupling  is  weak  (kj  ~  0.012)  ,  but  the  acoustic  matching  to  water  is 
very  good.  Therefore,  a  large  bandwidth  untuned  transducer  can  be  con¬ 
structed  with  excellent  impulse  response,  as  can  be  seen  in  Figs.  2-9(b) 
and  2-9(c).  This  design-vculd  be  difficult  to  use  for  immersion  transducers 
employing  ferroelectric  ceramics,  since  no  backing  material  exists  whose 
impedance  is  considerably  higher  than  theirs, 

F.  ELECTRICAL  PORT 

In  order  to  minimize  the'lnsertion  loss,  the  electrical  input  impe¬ 
dance  (Z  )  of  a  transducer  should  be  entirely  real  over  the  passband, 

X£i  v. 

and  the  radiacion  resistance  (50  should  equal  the  electrical  source 
resistance  2^  .  For  a  lossless  air  backed  transducer,  the  radiation 
resistance  of  the  acoustic  load  is  Ra  .  If  the  transducer  has  a  resis¬ 
tive  load  on  the  back  load  line,  the  component  of  interest  =ust  be  sepa¬ 
rated  out  froo  R  .  In  addition,  the  frequency  dependence  of  R  should 
a  a 

be  tailored  to  fit  soae  bandshape  criteria,  such  as  a  Causslan  fora,  for 
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ELECTRICAL  IMPEDANCE, OHMS 


0,8 


FIG.  2-9.  Characteristics  or  a  highly  backed,  water  leaded  rVF^ 
transducer. 
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i 

optimum  impulse  response.  As  we  have  seen,  Che  design  of  a  lew  loss, 
broadband  matching  network  is  considerably  eased  if  the  electrical  Q 
of  the  transducer  is  low  to  begin  with,  which  ceans  using  materials 

2 

with  large  electroacoustic  co  ipling  constants  (kp  . 

The  electroacoustic  transformer  in  the  transmission  line  model  is 
frequency  dependent,  unlike  the  transformer  in  the  Mason  model.  The 
dependence  varies  as  sincOWo^)  .  This  function  decreases  with  u 
near  u  *  'a>Q  ,  so  the  radiation  resistance  tends  to  be  higher  at  the 
low  frequency  side  cf  resonance.  In  the  range  0.5  <  cj/sjq  <  1*5  Che 
variation  of  0  with  frequency  is  almost  linear  with  frequency.  This 
effect  is  detrimental  to  the  response  of  the  transducer  and  should  be 
compensated,  either  by  an  electrical  tuning  network  or  by  weighting 

the  high  frequency  side  of  the  passbana  by  suitable  acoustic  matching. 

21 

The  latter  approach,  suggested  first  by  Coll,  is  easily  accomplished 
by  increasing  the  thickness  of  quarter-w^ve  plates  by  a  small  amount, 
usually  between  4  and  102.  The  amount  of  this  "skewing”  has  been  deter¬ 
mined  empirically  by  trial  and  error  computer  simulation  of  the  input 
impedance  and  Insertion  loss  cf  the  transducer  in  question.  The  effect 
of  the  quarter-wave  plates  operating  at  a  slightly  lower  frequency  than 
the  ceramic  compensates  the  frequency  dependence  of  the  transformer  turns 
ratio,  as  can  be  seen  in  rig.  2-10.  The  result  is  an  approximately  sym¬ 
metrical  band shape,  about  a  center  frequency  90  to  962  of  the  half-wave 
resonant  frequency  of  the  ceramic. 

The  series  reactance  lumped  element  has  a  frequency  dependence 
which  varies  as  (sin  n-j/jg) A*.2  .  This  reactance  is  always  small  com¬ 

pared  to  that  of  the  capacitive  reactance  1/-£q  of  the  transducer  and 
can  essentially  be  neglected  in  the  design  of  octave  bandwidth  transducers. 


ELECTRICA  .  IMPEDANCE  (OHMS) 


- SERIES  INDUCTIVELY  TUNED 

V/ITH  15.5/xH 


FIG.  2-10.  Effects  of  increasing  the  thickness  of  single  quarter-vave 
plate  42  and  series  inductive  tuning  on  electrical  input 
ispedance.  Lead  aetaniobate  transducer  (1.27  ca  dianeter). 


4 
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Wider  bandwidth  transducers  would  probably  require  an  iterative  nuseri- 
cal  electrical  filter  design  program  ro  compensate  for  this  tern. 

The  final  intrinsic  electrical  element  ia  the  traascissloa  line 
model  is  a  capacitor  represeatiag  the  zero-strain  (clasped)  capaci¬ 
tance  cf  the  piezoelectric  material.  As  we  have  seen,  for  minimum 
insertion  loss,  this  capacitance  must  be  tuned  out.  This  is  nose 
easily  accosplished  with  a  series  inductance  tuned  for  zero  reactance 
at  the  center  frequency,  a  procedure  which  is  adequate  for  cate rials 
with  large  .  Generally,  a  sore  sophisticated  tuning  network  would 
be  desirable  for  broadband  operation. 

In  all  cases,  the  design  of  an  electrical  catching  network  is 
highly  dependent  on  the  acoustic  termination  of  the  transducer,  For 
the  particular  arrangement  vhfcre  the  front  catching  plates  are  chosen 
to  be  maximally  flat,  the  total  imaginary  part  of  the  electrical  input 
impedance  is  negative  but  varies  like  a  negative  inductance  over  the 
passband;  therefore,  a  series  inductance  just  cancels  the  imaginary  part 
of  the  impedance  over  the  entire  passband,  as  is  discussed  ia  Section  C, 
and  as  can  be  seen  in  Fig.  2-10.  Thus,  the  input  impedance  becomes  en¬ 
tirely  real  over  the  passband  as  desired.  An  electrical  transformer  then 

can  be  employed  to  scale  R  up  (or  down)  to  the  source  impedance  ZA  . 

a  0 

This  is  the  design  technique  employed  for  all  the  experimental  trans¬ 
ducers,  Including  array  elements,  described  ia  this  paper. 

G.  TRANSIENT  RESPONSE 

The  transient  response  of  a  transducer  excited  by  a  delta  function 
input  cam  be  obtained  simply  by  taking  the  Fourier  transform  cf  the  fre¬ 
quency  response.^*  The  cleanest  response  is  obtained  when  the  envelope 
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of  the  output  pulse  Is  Gaussian  so  that  the  wave  packet  amplitude 
decreases  eonotonically  to  zero  from  its  maximum  amplitude.  This 
requires  that  the  bandshape  of  the  frequency  response  be  Gaussian 
shaped  as  well.  This  fact  can  be  clearly  seen  in  Fig.  2-11  where 
a  comparison  of  two  impulse  responses  is  shown,  one  of  Gaussian  band- 
shape,  the  other  of  square  bandshape  of  equal  3  dB  bandwidth.  The 
time  response  corresponding  to  these  two  bandshapes,  neglecting  non¬ 
linear  phase  variations,  are  given  in  Eqs.  (2-18)  and  (2-19), 
respectively: 


F(t) 

.  -afic 

-  A  cos  Ugt  e 

(2-18) 

F(t) 

-  B  cos  slac  (b.~t)  , 

(2-19) 

where  is  the  center  frequency  of  the  passband  and  Cl  is  the  3  dB 
bandwidth,  and  the  amplitude  is  taken  to  be  maximum  at  t  -  0  . 

As  described  earlier,  air-oacked  transducers  with  maximally  flat 
front  load  lines  yield  square  bandshapes.  The  addition  of  a  relatively 
low  impedance  backing  causes  the  bandshape  to  be  more  Gaussian,  thus 
yielding  a  better  impulse  response.  This  is  obtained  at  the  expense 
vf  some  loss  in  bandwidth  and  sensitivity.  Another  possibility  for 
obtaining  better  impulse  response  for  air-backed  transducers  is  to 
choose  a  set  of  quarter-wave  matching  layers  which  satisfies  a  filter 
response  other  than  the  maximally  flat  set.  This  point  has  not  beer, 
explored  further  by  the  author  at  this  time. 
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A  sec  of  computer  prograss,  written  by  J.  Fraser,  has  been  used 
to  analyze  the  KLM  sodel  for  theoretical  studies  on  transducers.  The 
iapulse  response  Is  calculated  by  taking  the  fast  Fourier  transfora  of 
the  theoretical  bandshape,  including  all  the  nonlinear  pha3e  variations. 
Other  quantities  such  as  the  electrical  impedance  and  insertion  loss 
can  be  easily  obtained  with  these  programs. 

H.  EXPERIMENTAL  RESULTS 

A  12.7  am  diazaeter,  air-backed,  single  quarter-wave  Batched  trans¬ 
ducer  was  built  using  lead  setaniobate  as  the  active  saterial.  The 
parameters  for  the  ceraaic,  supplied  by  Keraaos  Corporation  and  desig¬ 
nated  K-81,  were  seasured  using  the  technique  of  Bui,  et  al.,^  and 

determined  to  be  as  follows:  k^  »  0.10  ;  oechanical  Q,  *  24  ; 
c 

wQ/ 2z  -  2.06  MHz  ;  -  266  tQ;  2 -  20.0  .  A  matching  plate  was 

fabricated  by  lapping  a  piece  of  Dow  Epoxy  Resin  332,  hardened  with 
aetaphenylene-dlaalne  to  a  thickness  equal  to  a  quarter  wavelength  at 

I. 01  (i'q  .  The  epoxy  had  a  characteristic  lspedance  of  3.33,  slightly 
less  than  the  optimal  oaxi gaily  flat  value  of  3. 56. 

The  ceraaic  y'd  epoxy  plates  were  cleared  in  organic  solvents, 
heated  for  several  hours  to  reoove  any  absorbed  solvents,  and  assenbled 
In  a  dust-free  laminar  flow  hood.  The  plates  were  bonded  with  epoxy 
under  a  no nun if era  pressure  device,  as  suggested  by  rapadakis,^  in 
order  to  reaove  trapped  air  bubbles  and  to  insure  a  negligibly  thin 
bond.  The  resulting  assesbly  was  ao  unted  into  a  plastic  housing.  This 
transducer  was  aeasured,  and  later  a  13.9  series  tuning  inductor  and 
BSC  connector  were  added. 

-  42  - 


The  input  electrical  impedance  of  the  untuned  transducer  Is  shown 
in  Fig.  2-12.  Excellent  agreement  with  the  theoretical  calculation, 
which  includes  the  finite  loss  of  the  ceramic,  can  be  seen.  The  experi¬ 
mental  electrical  impedance  was  obtained  using  a  Hewlett-Packard  Vector 
Impedance  Meter.  It  can  be  seen  that  the  impedance  is  very  flat  over 
the  passband  and  slightly  tilted  because  of  the  frequency  dependence  of 
the  electroacoustic  transformer.  No  quarter-wave  plate  '‘skewing”  was 
used  in  this  experiment.  The  imaginary  part  of  the  impedance  shows  a 
slight  divergence  from  the  theory  at  low  frequencies.  This  effect  has 
not  been  satisfactorily  explained  yet,  but  could  be  due  to  two-dimensional 
effects  not  taken  into  account  in  the  cne-dlmenslonal  model. 

An  inductor  was  made  by  wrapping  eleven  turns  of  wire  about  a  fer¬ 
rite  core*  yielding  13.9  iH  of  inductance.  This  is  slightly  less  than 
the  15.9  iH  desired.  The  two-way  insertion  loss  of  this  transducer  was 
measured  by  transmitting  an  acoustic  wave  from  the  transducer,  excited 
by  a  50  ohm  internal  ispedance  tone-burst  generator.  The  amplitude  of 
the  output  of  this  generator  into  a  50  ohm  load  was  measured  at  each 
frequency,  so  as  to  determine  the  available  power.  The  transmitted  energy 
ua s  reflected  off  of  a  perfectly  reflecting  air-water  interface  and  re¬ 
ceived  by  the  transducer  loaded  by  the  same  SO  ohm  generator.  A  high 
ispedance  probe  v as  used  to  measure  both  the  transmitted  and  received 
electrical  voltages.  The  two-way  insertion  loss  was  measured  by  com¬ 
paring  the  available  transmitted  voltages  and  the  received  voltages  as 
a  function  of  frequency  and  was  compared  to  the  theory,  as  ghown  in 
?ig*  2-13.  The  Insertion  less  of  the  transducer  was  6.5  dB  at  mid¬ 
band,  compared  to  the  theoretical  value  of  1  dB.  The  1  dB  bandwidth 
is  £02,  as  predicted*  and  the  bandshape  is  flat  over  the  passband*  as 
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matchiul  lend  nutnniotmtu  trnnociucor:  Klcctrtcnl  lmpuitnnco. 


designed.  The  additional  5.5  d3  loss  of  the  transducer  over  what  was 
predicted  is  thought  to  be  due  to  internal  losses  in  the  inductor  and 
to  phase  cancellation,  since  the  epoxy  quarter-wave  plate  was  slightly 
wedge  shaped. 

A  comparison  of  the  experimental  and  theoretical  inpulse  response 
of  the  untuned  transducer  is  shown  in  Fig.  2-14.  The  theoretical 
impulse  response  was  calculated  by  taking  a  fast  Fourier  transform  of 
the  transducer  transfer  function,  as  previously  described.  The  experi¬ 
mental  results  were  obtained  by  shock  exciting  the  transducer  with  a 
Panaoetrics  Pulser  (Model  5050PR) ,  using  a  50  oha  damping  resistor  in 
the  circuit  and  digitizing  the  reflected  echo  off  an  air-water  interface 
with  a  Bicaation  8100  transient  recorder  sacpled  at  a  rate  of  100  MHz. 

As  can  be  seen,  the  agreement  between  theory  and  experiment  is  excellent. 
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CHAPTER  III 


SLOTTED  TRANSDUCER  ARRAY  DESIGN 

A.  INTRODUCTION 

The  design  of  linear  transducer  arrays  constructed  of  tall  chin 
elements  is  described  in  this  chapter.  Experimental  results  with 
simple  backed  and  double  quarter-wave  matched  and  backed  arrays  are 
also  discussed.  The  basic  structure  of  these  arrays.  Illustrated  in 
Fig.  1-1,  involves  mounting  each  piezoelectric  element  on  a  lossy  back¬ 
ing  medium,  and  radiating  into  a  load  medium  through  several  matching 
layers.  A  face  place,  acoustically  similar  to  water,  is  used  to  keep 
water  from  getting  between  the  elements  and  introducing  acoustic  and 
dielectric  cross-coupling.  The  choices  of  matching  layers  and  backing 
materials  are  based  on  the  concepts  described  in  the  previous  chapter. 
In  addition,  there  are  several  problems,  both  theoretical  and  tech¬ 
nological,  which  are  unique  to  the  design  of  small  element  arrays. 

These  problems  are  summarized  in  Table  3-1  and  will  be  addressed  ir. 
this  chapter.  These  include  description  of  the  extensional  code  of  an 
element  of  near  square  cross-section,  description  of  the  effective  load 
impedance  seen  by  an  element,  design  of  acoustic  matching  layers,  and 
effects  of  cross-coupling  between  elements  of  the  array. 


3-1 


ARRAY  DESIGN 


Technological  Probleas 

Design  of  transducer  element 
with  desired  center  frequency 
and  bandwidth 

Fabrication  of  high  loss,  high 
inpedance  acoustic  backing 

Fabrication  of  acoustic  bends  on 
the  order  of  1  us  or  less 

(a)  Selection  of  \/&  natchlng 
materials 

(b)  Slotting  conpcsite  material 
structure  to  create  acous¬ 
tically  matched  elements 

Fabrication  of  strong,  thin  face 
plate  witn  low  acoustic  cross¬ 
coupling 


3.  MODEL  OF  A  NARROW  SLOTTED  ELEMENT 

Ic  Is  desirable  in  focused  icaging  systems  like  the  one  described 
in  Chapter  I  to  space  array  elements  one-half  wavelength  apart  to  avoid 
grating  sidelobes  in  the  image  in  direct  analogy  to  the  grating  lobes  in 
a  diffraction  grating.  In  this  instance,  the  eleneacs  would  have  a  width 
(L)  comparable  to  the  height  (E)  as  shown  in  Fig.  3-2.  It  is  assumed  in 
all  future  discussions  that  the  length  of  the  element  in  the  y-direction 
is  large  compared  to  the  ocher  dimensions  so  that  the  structure  is  basic¬ 
ally  tvo-dioensional.  That  L  and  H  are  comparable  is  easily  demon¬ 
strated  by  noting  chat  at  3  MHz  the  acoustic  wavelength  (X^)  in  water 
is  0.5  =a  so  that  the  maximum  width  of  an  element  spaced  at  X^/2  is 
0.25  mm.  In  the  experimental  arrays  reported  in  this  work,  L  is  always 
in  the  range  0.25  to  0.30  sa  and  the  element  spacing  is  about  0.5  to 
0.64  cm.  With  elements  constructed  of  P2T-5A  piezoelectric  ceramic,  the 
stiffened  extensional  velocity  in  the  z-direction  is  3bout  3.8  (10)*'  cn/sec. 
Therefore,  to  operate  the  transducer  element  on  the  fundamental  half  wave¬ 
length  resonance  at  3  MHz,  the  height  of  the  element  must  be  on  the  order 
of  0.63  =2.  In  this  case,  then,  it  can  be  seen  chat  H  *  2L  ,  a  configu¬ 
ration  dictated  by  systea  design  considerations.  The  boundary  conditions 
for  a  piezoelectric  resonator  of  these  dimensions  are  obviously  much  dif¬ 
ferent  froa  the  chin  disc  resonator  discussed  in  Chapter  II  where  L  »  H  . 
Consequently,  the  simple  theory  of  the  thin  disc  resonator  cannot  be  ap¬ 
plied  to  this  structure  without  modification. 

When  both  lateral  dimensions  of  a  transducer  are  comparable  to  the 
height,  the  longitudinal  strains  S^CS^)  and  S^(S^)  cannot  be  taken 
as  zero.  Therefore,  a  one-dimensicnal  oodel  cannot  in  general  be  used  to 
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describe  the  response  of  the  transducer.  In  a  linear  array  where  the 
transducer  element  is  essentially  a  two-dimensional  structure  as  shown 
in  Fig.  3-2,  there  is  strong  coupling  between  the  desired  reroch-order 
extensional  resonance  (2-direction)  and  the  zeroth -order  lateral  extea- 

sional  resonance  (x-direction)  when  the  element  has  near  square  cross- 
34 

section.  In  this  case,  the  frequency  of  the  desired  lower  branch 
of  the  coupled  nodes  is  significantly  down  shifted.  In  addition,  the 
undamped  upper  branch  of  the  coupled  aodes  Is  very  close  tc  the  fre¬ 
quency  cf  the  lover  branch  and  will  be  excited  in  any  broadband  systea, 
yielding  a  peaky  transducer  bandshape.  For  these  reasons,  transducer 
elements  of  near  square  cross-section  should  be  avoided  in  broad  band¬ 
width  systems. 

Soae  unfocused  acoustic  Inaging  systems  have  been  designed  in 

which  several  elements  are  excited  simultaneously  and  the  echoes  pro- 
* 

cessed  into  an  image.  These  systens  work  with  eleaents  spaced  aany 
wavelengths  apart  and  so  the  elements  have  lateral  dimensions  much 
greater  than  the  thickness.  These  elements  would  be  operated  in  a 
mode  similar  to  the  thin  disc  modi  and  the  acoustic  response  will 
include  lateral  resonances  and  harmonics.  Little  discussion  of  this 
type  of  element  will  be  included  in  this  work,  however,  since  the 
emphasis  was  placed  on  tall,  chin  elements  suitable  for  the  elec¬ 
tronically  scanned  and  focused  systea.  Some  of  the  discussion  of 
tall,  thin  elements  could  be  easily  extended  to  wide  elements. 

^Several  conmercial  systems  are  presently  designed  this  way 
including  ones  built  by  Acoustic  Diagnostic  Research,  Panasomics, 
Unirad,  and  Rohe. 
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If  chc  height  of  the  element  is  greater  than  about  twice  the 
width,  the  lateral  resonance  Is  not  strongly  coupled  to  the  exten- 
sional  resonance  and  can  be  ignored  in  calculation  of  the  transducer 
response  as  will  be  shewn.  A  simple  one-dimensional  theory  can  be 

derived  and  used  directly  in  the  transducer  transmission  line  model 
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with  good  success*  Using  the  notation  of  Auld,  the  piezoelectric 
constitutive  relations  can  be  written  in  Che  fora 


-  i  •  E+CE:S 

(3-1) 

eS  -  E+e:S 

(3-2) 

where  the  bars  denoting  vector  and  tensor  quantities  have  been  dropped 
for  brevity.  The  stress  is  denoted  by  In  reduced  coordinates, 

the  strain  by  Sj  ,  the  electric  field  by  ,  and  the  electric  dis¬ 
placement  by  .  The  piezoelectric  stress  matrix  is  denoted  by  e^j 
In  reduced  coordinates,  and  e^j  ■  e^  is  the  transpose  of  this  matrix 
The  stiffness  matrix  at  constant  E  is  denoted  by  ,  and  the  per- 

aittlvity  at  constant  stress  by  e  .  For  a  uniaxial  piezoelectric 
ceramic  like  PZT-5A,  which  is  isotropic  in  the  plane  transverse  to  the 
poling  axis,  the  stiffness,  piezoelectric  stress  constant,  and  permit¬ 
tivity  matrices  are  given  as  follows: 


In  the  nonpiezoelectrie  case,  e^  5  0  ,  and  if  S,(x,z)  =  0  for  a 
long  slotted  eleaent,  and  there  are  no  shear  strains,  the  relevant 
stress-strain  relations  are  sinply 


T1  *  C11S1  +  C11S3 


(3 


T3  ’  C13S1  +  C’3S3 


Xov  if  the  vidth  (L)  Is  ssall  compared  to  the  height  (H) ,  it  can  be 
assumed  that  there  is  no  longitudinal  stress  in  the  x-direction.  or 


I, (x.z)  =  0  .  Therefore 


The  sane  boundary  condition  can  be  applied  in  the  piezoelectric 
case  where  open  circuit  conditions  are  also  assumed  so  that  D  (x,z)  £ 


Frca  Eqs. 


letting  Tj 
S,  and  E 


1-1)  and  (3-2),  the  relevant  relations  are 

(3-10) 

(3-11) 

(3-12) 

(x,z)  i  0  in  Eq.  (3-10),  can  be  expressed  la  terns  of 

and  substituted  into  Eqs.  (3-11)  and  (3-12)  as  follows: 


CUS1  +  CUS3  ‘  *zlEz 


C13S1  +  C33S3  *  ez3Ez 


€  E  +  e  ,S.  *  e  ,S- 
zz  z  zl  1  z3  3 


Equations  (3-13)  and  (3-14)  arc  identical  in  fora  to  chose  of  a  thin 
disc  transducer  with  the  modified  constants  defined  in  (3-9),  (3-15), 
and  (3-16).  Therefore,  all  the  results  for  the  thin  disc  transducer3* 
can  be  applied  to  the  case  of  the  narrow  slotted  transducer  including 
quarter-vave  matching  and  backing  schemes  using  these  aodified  con¬ 
stants,  with  other  considerations  to  be  discussed  in  detail  later. 

Other  parameters  of  interest  are  derived  below.  The  modified 
parameters  are  derived  as  follows,  taking  open  circuit  conditions  or 
D2(x,z)  -  0  in  Eq.  (3-14): 


_fks 

S’  s3 


1  + 


C.E  C.S 
C33 


(3-17) 


(3-18) 


Therefore,  the  stiffened  elastic  constant  is 


c'D 

C33 


C’“  (1  +  K’~) 


(3-19) 


where 


K'" 


c:^  e’S 
33  zz 


(3-20) 


r.2 


Since  the  constant  K*  appears  in  the  functional  fora  of  the  one- 
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dimensional  transducer  input  impedance  in  the  fora  it*  /(IrK*  ), 

2 

it  is  convenient  to  introduce  a  simplified  constant  k^  ,  where 


k33  * 


1  +  Z' 


(3-21) 
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since  it  is 


This  coupling  constant  is  labeled  instead  of 

oore  closely  related  to  the  length  extensional  resonance  of  a  chin  rod 
than  to  the  thickness  extensional  resonance  of  a  thin  plate.  The  stif¬ 
fened  velocity  and  acoustic  impedance  of  the  transducer  can  be  defined 
then  as  follows: 


31 
0  • 


(3-22) 


(3-23) 


Various  parameters  for  P2T-5A  and  PZT-5H  are  tabulated  la  Table  3-2 
using  the  data  published  by  Jaffe  and  Berlincourt.^  These  materials 
have  been  chosen  since  they  have  high  coupling  coefficients  and  high 
dielectric  constants. 

The  high  coupling  coefficient  is  desired  for  the  same  reasons  as 
discussed  in  Chapter  II;  that  is,  broad  bandwidth  with  high  efficiency. 

The  high  dielectric  constant  is  most  important  for  small  transducer  ele¬ 
ments  in  order  to  keep  the  electrical  impedance  as  lev  as  possible  and 
so  making  electrical  matching  simpler.  All  the  atfeys  reported  in  this 
work  were  constructed  of  PZT-5A  or  its  equivalent,  depending  on  the 
manufacturer.  PZT-5A  has  a  smaller  aging  coefficient  than  PZT-5H  and  a 
muck  higher  Curie  temperature,  making  it  easier  to  work  with  than  PZT-5H. 

The  most  significant  aspect  of  the  changes  in  the  transducer  parame¬ 
ters  produced  by  slotting  is  the  approximate  doubling  of  the  electro¬ 
mechanical  coupling  coefficient,  .  The  coupling  constant  for  the  aar- 
2  2 

row,  long  element,  k’^  ,  is  close  in  value  to  k^3  ,  the  length  exten¬ 
sional  coupling  construe  of  a  thin  rcdtas  seen  in  Table  3-2.  This  doubling 
occurs  mostly  since  C*^  is  decreased  to  about  cce-half  the  unslotted  value. 
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Doubling  lc^  effectively  halves  the  electrical  Q  of  a  series  tuned 
transducer,  salting  the  design  of  low-loss  broad -bandwidth  elenents  a 
sinpler  task. 

In  addition  to  the  large  increase  in  ,  it  can  be  seen  that 
there  is  about  a  1«  decrease  in  the  velocity  and  impedance  of  the  PZT 
caterlals  and  a  slight  increase  in  the  effective  dielectric  constant. 
These  changes  have  little  overall  effect  in  the  design  of  transducers 
except  chat  the  thickness  of  the  material  oust  be  reduced  by  141  over 
that  of  an  unslocted  material  with  the  sane  center  frequency.  The  effect 
of  this  thickness  change  on  che  configuration  ratio  G(*  l/H)  should  not 
be  overlooked,  however,  for  reasons  shown  in  the  next  section.  These 
effective  paraneters  are  used  in  the  transducer  nodel  with  good  results 
-a  Pted ic c  the  response  of  slotted  transducer  eleaents  reported  later 
in  this  chapter. 

C.  COUPLING  TO  LATESAL  MODE 

A  staple  theory  describing  the  coupling  between  the  two  dilatational 
nodes  of  a  piezoelectric  resonator  as  illustrated  in  Fig.  3-1  has  been 
carried  out  by  Cnoe  and  Tiersten^"*  for  the  short-circuited  case.  This  ap¬ 
proach  is  easily  adapted  to  che  open-circuited  case  which  Chen  can  be 
anplied  to  the  siaple  one-disens ional  transducer  sodel.  This  theory 
oodels  the  elenent  as  two  one  degree-of-f reedoa  systess  coupled  through 

a  single  mechanism.  This  coupling  theory  was  originally  applied  to 
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elastic  vibration  theory  by  Cliebe  and  Slechschaidt,  where  the  infi¬ 
nite  number  of  degrees  of  freedom  of  a  continuous  body  can  be  well  ap¬ 
proximated  by  suitably  choosing  a  finite  number  coupled  together.  For 


two  degrees  of  freedcn  coupled  through  a  single  constant  sechanlsa,  a 
biquadratic  frequency  equation  is  easily  obtained , 

2  2  2  2  i  2  2 

at  -  t )  at  - 1  >  •  rnr  ,  (3-24> 

a  b  a  b 

where  f  and  f  are  the  eigenfrequencies  of  the  uncoupled  systea 
z  b 

and  T  is  a  dicensiooless  constant  coupling  coefficient.  This  equa¬ 
tion  is  plotted  on  Fig.  3-3  on  a  log  (fH)  versus  log  G(G*I./H)  co¬ 
ordinate  systea.  The  dashed  lines  give  the  uncoupled  resonant  fre¬ 
quencies,  and  the  solid  line  the  coupled  frequencies.  Following  the 
arguments  of  Once  and  Tlersten,  a  simple  way  of  determining  the  coupling 
coefficient  ?  consists  of  selecting  T  to  yield  the  known  frequencies 
at  the  endpoints  of  the  frequency  curves  for  large  and  ssall  values  of  G 
In  the  nonpiezoelectric  case. 


(3-25) 

2R  /C33/0 

(3-26) 

These  frequencies  correspond  to  dilatatlonal  codes  of  large  area  plates. 

!/“> 

Therefore,  f  It.  -  1/G(C.  ,/C,,,)  .  Substituting  this  result  into 

a  b  11  33 

Eq.  (3-24)  and  taking  the  limits  as  G  approaches  0  and  •  ,  one  finds 

chat  f  -  £  V(1  -  r2)  and  f  -  f  V(1  -  r2)  .  For  internal 
da  c  a 

consistency  then,  this  coupling  theory  can  only  be  applied  if 

f  It  *  f  ./f.  (3-27) 

c  a  d  b 

The  regions  near  f ^  and  correspond  to  length  longitudinal  codes  of 
a  long  thin  plate.  These  frequencies  are  easily  obtained,  fron  Eq.  (3-9) 
for  f ,  ,  and  free  a  similar  calculation  for  f  .  These  frequencies  are 
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Therefore, 
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For  isotropic  naterials,  Cj,  •  C}}  .and  r  -  C^/C  or 


where  a  is  Poisson’s  ratio.  As  is  pointed  ouc  in  reference  34,  the 
lover  branch  gives  excellent  agreement  vith  experiment,  but  the  upper 
branch  gives  such  poorer  agreeaent  because  of  coupling  to  additional 
independent  nodes  vhich  exist  in  HUs  frequency  range.  The  frequency 
variacior,  of  the  lover  node  vith  C  -  L/K  for  isotropic  nateriais  is 
shoun  in  Fig.  3-4  for  various  values  of  o  . 

The  open  circuited  Halting  frequencies  for  a  piezoelectric 
resonator  are  nov  derived,  m  region  b  ,  the  Halting  frequency  is 
Che  well-known  thickness  dilatational  node  of  a  thin  disc  resonator,  so 


f  .  -L  li 
b  2«V  o 


g(=l/h:,l  constant 

FIG.  3-4.  Lover  branches  of  coupled  node  dispersion  relation  foe  isotropic 
rectangular  resonators  for  varying  values  of  Poisson's  ratio. 
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where 


=33  *  =33  [>  x  (<3/£LC33>] 


la  region  d  ,  the  Halting  frequency  is  that  of  the  extensional  aode 
calculated  in  the  previous  section  where 


£d  '  2H 


and  Cl.  is  defined  in  Eq.  (3-19). 

In  region  a  ,  the  Halting  frequency  is  that  of  the  lateral  thick¬ 
ness  dilataclonal  node.  Vitn  a  slailar  derivation  that  led  to  Eq.  (3-33), 
the  frequency  is  easily  obtained  froa  Eqs.  (3-10)  through  (3-12),  assuming 
S ^  •  0  .  Therefore  ,  [<?~ 


cu  ■  cu  L1  +  (*Ii/4cn)]  • 


In  region  C  ,  the  Halting  frequency  is  that  of  a  lateral  exten¬ 
sions!  aode  analogous  to  iA  where 


Sq  ‘  2L\  o 


„,D  ,E  /  _JzL.) 

w,  C.  -  I  1  ^  c  —  # 

11  11  \  c,sc;^  / 


*il  *  %1  *  <ez3CI3/C33) 


-  r.i  ?&£LT. 


For  int'jnval  consistency,  the  relation  £  f£  =  f./f .  should  be  satis- 
*  a  c  b  d 

fled.  It  follows  directly  froa  (3-33),  (3-35),  (3-36),  and  (3-38)  that 

:  /f  is  algebraically  identical  to  f.  /£,  so  that  internal  consis- 
a  c  oc 

tnecy  is  satisfied.  Substituting  the  parameters  for  F2T-5A  and  PZT-5K, 

f  /f  *  1.1c  in  both  cases, 
a  c 

To  determine  the  coupling  constant  T*  ,  the  ratio  fj/f^  must  be 
cast  into  the  form 

2  1/2 

fd/fb  “  tl~l  >  *  <3”A3) 


Froa  (3-33)  and  (3-35),  it  is  easily  shown  that 


•'  C11  C33  '  1'k33  J 


Substituting  the  parameters  for  P2T-5A,  f*  is  found  to  be  0.257  for 

the  open  circuited  case.  A  plot  of  both  branches  of  the  frequency 
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spectrum  for  both  tne  open-circuiteJ  and  short-circuited  cases  is 
shown  in  Fig.  3-5.  Froa  the  figure,  it  can  oe  seen  that  there  is  only 
a  9.3t  frequency  shift  froa  the  open-circuited  exter.sional  mode  for  a  con 
figuration  ratio  C  •  0.7  and  a  5*  shift  for  C  •  0.5  .  Sote  that  the  theo 
retical  curves  are  for  the  case  of  the  rese— with  free  boundaries. 

An  important  problem  in  designing  elements  where  G  Is  close  to 
one  is  the  emergence  of  the  undamped  mode  close  to  the  desired  pass band 
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of  the  transducer  decent,  this  code  it*  clearly  seen  in  Fig.  3-6  where 
the  measured  real  part  of  the  electrical  input  impedance  of  lead-backec 
(2  •  22)  PZT-5A  transducer  decent s  of  varying  configuration  ratio  Is 
shown.  As  the  configuration  ratio  approaches  unity,  this  urcaaped  lateral 
code,  characterized  by  the  sharp  peak  in  the  curves,  coves  into  the  pass- 
band  of  the  element  and  decreases  the  bandwidth.  The  experimentally  mea¬ 
sured  frequencies  for  lead-backed  elements  with  the  C  ratio  between  0.37 
and  1.03  are  shown  in  Fig.  3-5.  Note  that  the  experimental  data  are  for 
elements  damped  with  a  high  impedance  backing  while  the  theory  ia  for 
elements  with  free  boundaries  oal> .  The  lateral  code  frequencies  are 
about  23*  lover  than  that  of  the  lateral  extenslonal  mode  defined  in 
Eq.  (3-36),  probably  due  to  coupling  to  higher  order  modes.  The  exten¬ 
slonal  mode  frequencies  are  slightly  less  than  the  open-circuit  frequen¬ 
cies  calculated  for  an  element  v*ch  free  boundaries.  The  downshift  ia 
these  frequencies  when  one  side  of  t:.e  element  is  heavily  backed  is 
expected  from  the  one-dimensional  transducer  model. 

These  data  show  that  the  configuration  ratio  should  be  0.5  or  less 
so  thaf  the  undamped  lateral  mode  frequency  is  at  least  an  octave  higher 
than  the  center  frequency  of  the  passband.  At  this  point,  there  is  little 
coupling  between  the  modes,  and  the  undesired  mode  can  be  easily  filtered 
out  if  desired.  Near  G  ■  0.65  ,  coupling  between  the  modes  begins  to 
limit  the  bandwidth  of  the  transducer  element  as  seen  in  Fig.  3-6. 

D.  EFFECTIVE  ACOUSTIC  LOAD  IMPEDANCE  OF  A  MARKOV  ELEMENT 

A  transducer  array  element  radiating  into  a  semi-infinite  loading 
or  backing  medium  excix  s  waves  In  all  directions  in  these  media.  If 
the  element  is  narrow  enough,  the  power  radiated  into  waves  propagating 
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at  an  angle  to  the  normal  becomes  large  enough  so  that  the  plaoe  vave 
longitudinal  node  impedance  no  longer  adequately  describes  the  load 
ispedauce  seen  by  the  element.  A  variational  theory  is  developed  in  this 
section  to  calculate  the  effective  load  impedance  of  the  element  at  the 
interface  taking  into  account  the  longitudinal,  shear,  and  Rayleigh 
waves  excited,  as  illustrated  in  Fig.  3-7. 

This  problem  is  analogous  to  the  evaluation  of  the  radiation  imped¬ 
ance  ct  an  electromagnetic  waveguide  radiating  into  a  semi-infinite  half- 

39 

space.  A  treatment  of  this  problem  i $  presented  in  Harrington  for  a 
two-dimensional  parallel-plate  waveguide  for  the  two  cases  where  the 
incident  vave  Is  either  the  TEM  mode  or  the  dominant  IE  mode.  Harrington 
docs  not  try  to  generate  a  variational  expression  for  this  radiation 
impedance,  but  the  final  form  of  his  impedance  integral  is  achieved  in  a 
similar  manner  to  the  one  presented  here,  that  is.  from  the  complex  power 
flow  at  the  interface  between  the  waveguide  and  load  medium.  T^e  differ¬ 
ence  in  the  two  expressions  lies  in  the  normalization  of  the  integral. 
Harrington  uses  a  heuristic  approach  to  force  the  dimensionality  of  the 
impedance  expression  to  be  correct.  The  normalization  shewn  in  this  paper 
is  a  natural  result  of  the  variational  theory.  Nevertheless,  it  is  inter¬ 
esting  to  note  that  the  aperture  admittance  calculated  in  reference  39 
is  capacitive  in  the  case  where  the  assumed  field  is  taken  to  be  uniform 
over  the  aperture  and  inductive  when  the  assumed  field  has  a  cosine  de¬ 
pendence.  As  will  be  shewn  later,  the  effective  load  impedance  of  a 
transducer  element  is  capacitive  when  the  load  is  a  solid  and  is  inductive 
when  the  load  is  a  liquid.  This  occurs  since  a  liquid  cannot  support  shear 
t-sves  and  the  assumed  normal  stress  field  at  the  element-liquid  interface 
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Schematic  drnwlnK  of  model  lined  to  calculate  effect lvo  bnckltijt  Impedance  of  finite 
width  transducer  element, 


raise  be  zero  .it  the  edges  of  the  element  to  prevent  the  Integral  expres¬ 
sion  for  the  admittance  from  going  to  a  logarithmic  infinity.  As  the 
Poisson’s  ratio  for  a  solid  approached  0.5  (that  is,  a  liquid),  the 
effective  admittance  becomes  sore  inductive  and  approaches  the  liquid 
case,  as  will  be  shown. 

A  similar  but  also  nonvariational  calculation  for  acoustic  radia¬ 
tors  of  varying  configuration  ratio  was  carried  out  by  Miller  arid  Pursey*^ 
for  the  case  when  the  radiator  is  terminated  by  a  semi-infinite  solid. 

The  approach  used  in  reference  40  is  identical  to  that  found  in  refer¬ 
ence  39,  and  the  expression  calculated  is  very  close  to  the  variational 
expression  derived  in  this  paper  for  solids.  Again,  the  difference  is 
in  the  normalization  integral.  Points  of  divergence  between  the  two 
theories  will  be  shown  as  the  variational  theory  is  presented.  The 
Green’s  function  in  the  load  nedium  is  calculated  in  all  the  deriva¬ 
tions,  and  the  resulting  integrals  numerically  evaluated.  Due  to  the 
lack  of  digital  computers  when  the  Killer-Pursey  paper  was  written, 
only  a  few  values  of  the  effective  impedance  were  calculated  as  a  func¬ 
tion  of  £L  where  5  is  the  wavenumber  and  L  the  width  of  the  radia¬ 
tor.  A  variational  expression  for  the  effective  admittance  is  derived 
below. 

If  the  element  is  regarded  as  a  section  of  waveguide,  the  acoustic 
fields  in  the  guide  can  be  described  by  a  normal  code  expansion.  Follow¬ 
ing  Avid's  development  for  reflection-symmetric  waveguides"**  and  neg¬ 
lecting  piezoelectricity,  vector  functions  can  be  Introduced  analogous 
to  tne  equivalent  "voltage"  and  "current"  parts  of  the  fields  for  the 
aCh  mode.  For  guides  infinite  in  length  in  the  y-direction  (Fig.  3-8), 
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FIC.  3-8.  Schematic  drawing  of  waveguide  oodel  of  transducer 

elcr&cnt  used  to  calculate  variational  fora  of  effec¬ 
tive  load  Ispcdancc. 
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che  "voltage  part  of  the  field  is  described  by  the  vectors 


G  (x,z) 


and  che  "currc.  ”  part  by 


Qm(x.i) 


Vj^x.r) 


TyJ(x,z) 


(x.r) 


‘MS 


vMi(x.r) 


(3-45) 


( 3-46) 


These  fields  can  be  separated  into  a  product  of  the  "voltage"  or 
"current”  anplicude  with  a  vector  node  function,  that  is. 


CH  '  Vl)  Vx) 


Q„  *  Xjjfe)  ds(x) 

where  che  g^'s  and  q^*s  are  orchogonal  and  satisfy 

/ %  •  &. dS  -  -1 

The  lnpedance  of  a  given  node  is  defined  to  be 


(3-47) 


(3-4S) 
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for  waves  propagating  in  the  forward  direction. 


In  considering  the  cransduccr  element  as  a  section  of  waveguide, 
it  is  assumed  that  primarily  a  single  code  is  excited  and  is  incident 
frca  the  left  upon  the  boundary  between  regions  I  and  II  In  Fig.  3-8. 

The  reflected  wave  from  this  boundary  is  assumed  to  be  composed  of  all 
allowable  codes  in  the  waveguide.  The  symmetry  of  the  structure  Units 
the  allowable  codes  to  the  symmetric  Lamb  wave  family.  It  is  desired 
to  calculate  the  impedance  of  the  lowest  order  code,  at  the  boundary 

plane  in  Fig.  3-“*.  Since  the  other  codes  excited  in  the  guide  arc  all 
reflected  waves,  their  Impedances  are  taken  to  be  ■  ~^yo  *  C^e  =°<*a* 

impedances  for  backward  traveling  waves.  Therefore  the  total  "current" 
can  be  written 

L-  -  rn  Vu  — 

QM  -  —  q,  -  2^,  ~  q  '  0-49) 

M  21  *  2  ZXO 

The  voltage  amplitudes  can  be  determined  using  Eqs.  (3-47)  and  (3-48), 

VM  »  /C  •  5*.  dS  .  (3-50) 


Froa  the  continuity  of  power  flow  through  the  boundary 


Q*  dS 

II 


(3-53) 


If  we  now  assuse  in  region  I  that  the  code  excited  is  the  extensiocal 
node  previously  described  which  is  sisilar  in  fora  to  the  L,  Laab 
wave  ocde  in  an  isotropic  plate,  one  can  assuae  chat 


■  0 

’  0 

C1  * 

0 

•  \  * 

0 

_T13_ 

_Vl2  _ 

where  the  assumption  is  most  accurate  near  3*0.  Therefore, 

(C  •  q*)s  -  (T3q*)x  . 

If  we  now  assuae  that  T;  5  0  at  the  boundary,  (G  -  Q*)  • 

* 

TjV^  .  This  assuaptioa  is  based  oa  the  grounds  that  the  elesent  is 
narrow  and  vibrating  with  a  sirple  plscon-like  notion  with  very  saall 
shear  stresses.  Therefore,  (3-52)  and  (3-53)  can  be  written 


fh  \  dx|n  '  -^frAixfTWx 


+  E  4 -/» ■  Kl  ixfr 

2  ^50 


q^dx 


(3-55) 


where  we  assume  unit  length  along  the  y  direction. 

The  electromagnetic  equivalent  of  the  left-hand  side  of  Eq.  (3-55) 
is  used  as  the  starting  point  for  the  impedance  calculation  of  Harrington. 

However,  ch~  differences  arise  in  the  right-hand  side.  Harrington  takes 

,2 

the  RHS  sinply  as  ;V*  /Z  .  For  the  TEH  code,  he  chooses  V  •  1  and  for 
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the  T£  mode  V  -  L  f  where  L  is  the  width  cr  the  transducer.  The 
functional  fora  of  radiation  impedance,  determined  froa  the  LH5,  will 
be  correct,  but  the  normalization  is  arbitrary.  Miller  and  Pursey,  on 
the  other  hand,  express  the  particle  displacement  fields  0^(3)  in 
region  II  In  terms  of  the  stress  field  as  a  function  of  3  ,  the 
x-cooponent  of  the  longitudinal  wavenumber.  Assuming  a  fora  of  the  stress 
field  at  the  boundary,  u2(x)  is  then  obtained  by  inverse  transforming 
uz(3)  .  The  average  displacenent  field  uz  is  obtained  by  integrating 
along  che  boundary.  The  radiation  impedance  is  then  expressed  as  2  * 
-1/iwu  where  T^(x)  *  1  for  |x|  <  L/2  .  This  impedance  expression 
reduces  to  che  same  result  as  che  variational  form  shown  below  only  for 
the  case  where  the  assumed  field  T^(x)  is  uniform  across  the  transducer 
element.  Otherwise,  che  normalization  is  different. 

Expressing  in  terms  of  a  Green's  function,  one  can  write 

•A  <x#)tf(x,xf)  dx'  (3-56) 


where  is  a  Green's  function  to  be  determined.  Combining  (3-55) 

and  (3-56),  an  expression  for  2^  is  determined: 


1 

2, 


-JJ Tj(x)  £(x,x')  T^(x')dxdx*  +  £  Jc  *  q*  dx^C*  *  qMdx 
/T  3<,ldx/T3qldx 


(3-57) 


if  che  higher  order  nodes  are  ignored,  Eq.  (3-57)  is  reduced  to  che  fol- 
loving  expression  for  che  adniccance: 

-yyTj(x)  'S(x,x')  Tj(x')dxdx' 

Yj  .  ~~r-~ - — -  (3-58) 

Av*  Av* 
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It  is  shown  in  Appendix  A  that  Eq.  (3-58)  is  variational  in  fora  with 


respect  to  the  fore  of  the  assumed  no real  stress  . 
Equation  (3-58)  can  also  be  written  in  the  fore 


v  .  dX 

1  /T A  dx/rk  dx 


(3-59) 


The  Green's  function  can  be  determined  then  by  Fourier  transforming 
the  numerator  of  (3-59)  so  that  Y^  is  now  written 


vji)  a 

Y,  *  -  (3-60) 

2*A,idx/TJ,x*t 

Now  by  assuming  a  functional  fora  of  T^(x)  satisfying  the  field  equa¬ 
tions,  an  estimate  of  Y^  can  be  found  correct  to  second  order. 

The  fore  of  v^(2)  in  teres  of  Tj(3)  was  derived  by  Miller  end 
Pursey  for  four  types  of  radiating  sources:  (a)  an  infinitely  long  strip 
of  finite  width  vibrating  normally  to  the  medium  surface;  (b)  the  same 
long  strip  vibrating  tangentially  to  the  medium  surface  and  normally  to 
the  strip  axis;  (c)  a  circular  disc  cf  finite  radius  vibrating  normally 
to  the  surface  medium;  (d)  a  torsional  radiator  in  the  form  of  a  circular 
disc  of  finite  radius  performing  rotational  oscillations  about  its  center. 
Case  (a)  is  identical  to  the  one  evaluated  in  this  pape. .  The  integrals 
in  reference  40  were  evaluated  by  hand  for  six  values  of  dd  .  The  form 
of  v^(8)  is  derived  in  Appendix  B  for  isotropic  solids  fmq.  (B-15)] 
and  for  liquids  fEq.  (B-17)1  .  Substituting  (3-15)  into  (3-60),  one 


obtains  Che  result 


„  ,2  ^  .2 

r  /aSjV  3  +  B  . 

J  '  u  /[(32-S2)2  +  48  S  32]  ^ 

— *  u  s  s  £  J 


(3) j2dS 


2V  v  i dx  y  Vi 


where  the  paraneters  are  defined  in  the  appendix, 

A  sisple  fora  of  the  trial  field  T^(x)  is  assuaed  which  is  unifora 
with  x  across  the  transducer  so  that 


TQ  f  I  x  I  <  L/2 


0  ,  U|  £  l/2 


where  l  is  the  width  of  the  element.  The  aooal  field  q^fx)  is  also 


unifora  so  that  the  noraalized  fora  is 


q,<*>  • 


l//d  ,  |*i  <  L/2 


0  ,  Ul  >  L/2 


Fourier  transforming  (3-62),  one  obtains  the  result 


sin(SV2) 


T3(S)  -  T0d 


sin(8L/2) 


[(32-  32)2  +  43s£tS2]V  (5L/2) 


Equation  (3-64)  is  evaluated  In  Appendix  C.  The  sethod  of  inte¬ 
grating  the  expression  follows  that  of  Miller  and  Pursey  and  involves 
integrating  along  the  real  axis  of  the  complex  3  plane  and  talcing 
into  account  branch  cuts  at  the  longitudinal  and  shear  wave  cutoffs 
and  the  Rayleigh  pole. 

The  nornalized  load  ispedance  for  a  slotted  element  calculated 
in  Appendix  C  is  shown  in  Fig.  3-9  as  a  function  of  (k^L)  for  various 
values  of  Poisson’s  ratio.  For  (k^L)  >  1  ,  the  ispedar.ee  is  essen¬ 
tially  real  and  oscillates  slowly  about  the  longitudinal  plane  wave 
ispedance.  Below  (k,L)  *  1  ,  the  reactive  part  increases  in  value 
rapidly  so  that  the  ispedance  becoces  saialy  capacitive.  Since  the 
assumed  stress  field  Tj(x)  was  taken  to  be  unifora,  the  ispedance 
calculated  here  is  xdentical  to  that  of  Miller  and  Pursey  at  the  six 
values  of  k^L  they  evaluated.  This  cosplex-valued  ispedance  was  used 
as  the  backing  ispedance  in  the  standard  progras  which  cosputes  the 
electrical  ispedance  and  insertion  loss  of  transducers,  using  the 
aodlfled  transducer  constants  for  the  extensionai  sode.  As  shown  in 
the  next  section,  the  change  ic  this  ispedance,  due  to  finite  width, 
has  little  effect  on  the  transducer  elerents  of  the  widths  used  in  the 
arrays  reported  in  this  thesis,  but  cust  be  accounted  for  in  narrower 
elesents  where  k^L  «  1  . 

For  the  case  where  the  load  sedius  is  water,  a  slailar  calculation 
can  be  carried  out  by  taking  into  account  that  there  are  no  radiated 
shear  or  Rayleigh  waves  in  a  liquid.  Substituting  Eq.  (3-17)  froa 
Appendix  8  into  (3-60),  one  obtains  the  following  expression  for  the 
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admittance: 


\  *  — — - 0-65) 

2*Jh\d*J  Wx 

If  one  now  assumes  that  is  unifora  across  the  element  as  before 

and  is  Che  sane  uniform  node  with  £  “  3/k^  ,  Che  integrand  in  the 

numerator  of  (3-65)  varies  as 

sin(ktL/2K 

(k^L/2) 

which  has  a  1/C  dependence  as  C  gees  large.  This  is  a  logarithmic 
infinity  causing  the  integral  to  diverge.  This  divergence  is  a  result 
of  the  discontinuity  in  stress  at  jx|  »  L/2  in  the  assumed  field. 
Physically,  since  the  liquid  cannot  support  shear  waves,  there  can  be 
no  discontinuity  in  stress  at  the  boundary.  Removing  the  discontinui¬ 
ties  removes  the  divergence  problem.  A  series  of  assumed  fields  that 
docs  this  is: 

!I0(1  -  <2x/L>n)  ,  I x  j  <  L/2 

(3-66) 

0  ,  i*i  i  L/2 

vhere  o  Is  an  even  Integer.  Where  n  is  large,  Tj  Is  nearly  uni¬ 
fora  except  at  the  endpoints.  This  field  Is  then  very  =uch  like  the 
dllatational  node  in  the  transducer  eleaent.  The  icpedances  calculated 
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with  these  various  a3suoed  fields  are  nearly  identical,  attesting  to 
the  variational  nature  of  (3-65). 

Fourier  transforming  (3-66)  yields  the  result 

n!(-l)J/2  eos(SL/2)  n!  sin(SL/2) 

T A3)  -  T„d  > - —  + -  (-l)j/2+1  - 

£2  (n-J  +  D!  (SL/2)J  (n-j)!  (3L/2)J+1 

(2-67) 

Substituting  (3-66)  and  (3-67)  into  (3-65)  and  noting  u/i  -  1^/z^  , 
an  expression  for  the  adaittance  is  obtained  as  before.  For  the  case 
where  n  -  2  #  this  expression  is 


Ltt  fJT7'(16  sln(ttLS/2) 

8?  Z1  J  ’  \  (SCjLO3 


8  cos(ktli/2)  1 
(kjLi)2  I 


df 


(3-68) 


where  '  -  S/k^  . 

As  before,  there  is  a  branch  point  at  £  *  1  corresponding  to  the 
cutoff  of  longitudinal  waves.  For  £  <  1  ,  the  adaittance  is  entirely 
real.  For  £  >  1  ,  the  adaittance  is  entirely  iaaginary  corresponding  to 
evanescent  longitudinal  waves.  As  shown  in  Appendix  C,  the  proper  sign  on 
the  square  root  is  negative  (-iVc*  -  1)  in  order  to  yield  evanescent 
waves.  The  integral  was  numerically  integrated  with  a  standard  h'ewton- 
Cotes  technique  and  the  calculated  iapedance  is  shown  in  Fig.  3-10.  For 
(k^l)  >  5  ,  the  irpedance  is  aair.ly  real  and  equal  to  the  plane  wave 


1-10.  Effective  ncouatlc  Impedance  of  water  load  noun  by  finite 
width  radiator. 


impedance.  Below  (k.L)  *  5  ,  the  real  part  o f  the  impedance  rises* 
then  drops  rapidly  to  zero.  The  reactive  part,  which  is  inductive, 
rises  to  a  peak  at  (k^L)  »  2.5  ,  and  then  falls  to  zero  as  (k^L)  ■+  0  . 

As  described  earlier,  the  capacitive  nature  of  the  load  impedance 
of  a  solid  and  the  inductive  nature  of  the  load  impedance  of  a  liquid 
is  similar  to  the  cases  of  the  electronagnetic  waveguides  in  reference  39 
since  the  cases  depend  on  the  functional  form  of  the  assumed  field.  In 

the  acoustic  case,  the  difference  arises  from  the  inability  of  a  liquid 

to  support  a  discontinuity  in  the  stress  field  at  the  endpoints  of  the 
transducer.  To  show  that  this  difference  is  real,  a  case  was  calcula¬ 
ted  where  the  load  was  a  solid  with  c  *  0.49  ,  that  is,  almost  a  liquid. 

This  case  is  shown  in  Fig.  3-11  cospared  to  a  water  load  and  a  solid  with 

c  -  0.4  .  As  can  be  seen  in  the  figure,  the  c  *  0.49  solid  exhibits 
a  sore  Inductive  nature  than  the  3*0.4  solid,  and  the  impedance  charac¬ 
teristic  is  intermediate  between  the  two  extremes.  The  effect  of  this 
variation  in  load  impedance  on  the  transducer  charact irtstics  is  shown 
in  the  next  section.  However,  for  the  width  of  aluaeats  used  in  the 
experimental  arrays,  this  has  little  effect  on  the  bendrhape  of  the 
transducer  elements. 

£.  EXn&USCTAL  RESULTS  WITH  SIMPLE  BACKED  ARRAYS 

1 u  the  previous  seerfons,  the  theory  of  tall,  thin  transducer  array 
elements  vas  described.  A  simple  model  to  predict  the  characteristics  of 
the  element  was  dev  sloped y  and  the  acoustic  load  ispedance  seen  by  a 
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narrow  radiator  was  described.  The  construction  of  broad  bandwidth  linear 
arrays  of  these  elements  aounted  on  a  high  Impedance,  lossy  backing  will 
be  discussed  in  this  section  including  the  manufacture  of  high  loss,  high 
ispedance  tungsten-loaded  epoxy.  The  experimental  electrical  impedance 
and  insertion  loss  of  these  eleaents  will  be  compared  to  the  theory.  The 
radiation  pattern  of  the  eleaents  will  also  be  briefly  described. 

The  easiest  technique  for  achieving  broad  bandwidth  in  a  water- 
loaded  transducer  is  to  mount  the  transducer  onto  a  matched  backing. 
Although  cost  of  the  power  generated  is  radiated  uselessly  into  the  back¬ 
ing  ic  this  case,  bandwidths  of  80-1002  are  achievable  with  ferro¬ 
electric  ceramics.  The  bandshape  is  nearly  Gaussian  shaped  so  that  an 
excellent  impulse  response  can  be  achieved  as  well.  Our  first  arrays 
were  built  using  PZT-5A  ceramic  (2^-34(10)^)  soldered  to  a  lead 

"  22(10)  )  backing.  The  PZT-5A  was  lapped  to  the  correct  thickness, 
surface  finished  with  a  5  :.a  grit  and  slightly  polished.  Chrome-nickel 
electrodes  of  2000  X  thickness  were  rf  sputtered  on  and  the  ceramic  was 
repoled  at  150°C  with  a  voltage  of  50  volts  per  one-thousandth  inch  to 
compensate  for  any  depoling  which  occurred  during  the  sputtering  process. 

A  low  temperature  solder  was  used  to  bond  the  nickel  electrode  to  the 
lead  backing,  typically  4  cm  thick.  Excellent  and  reproducible  trans¬ 
ducer  characteristics  from  element  to  element  were  achieved  with  this 
process.  Problems  with  the  bond  thickness  were  eliminated  since  the 
solder  and  lead  have  nearly  the  same  Impedance.  Thus,  this  technique 
provided  an  excellent  vehicle  with  which  to  check  the  theoretical  pre¬ 
dictions  on  transducer  response. 
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Lead-backed  arrays  are  not  useful  In  imaging  systems,  hovever.  The 
loss  mechanism  in  lead,  which  yields  about  4  dB/ca  loss  at  2.5  MHz,  is 
primarily  by  scattering  and  not  by  absorption.  The  scattered  sound  in 

lead  backings  decays  very  slowly,  requiring  several  hundred  microseconds 
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to  decay  down  to  the  thermal  noise  level.  This  background  scattered 
sound  is  picked  up  by  the  transducer  elemei  ts  and  severely  limits  the 
dynaaic  range  of  3  receiver  elesent  since  the  received  echo  fron  the 
water  is  typically  net  much  greater  than  the  backing  noise.  Hovever, 
one  lead-backed  array  with  120  elements  0.635  mm  high  *  0.3S1  mm  wide  * 

1.27  cm  long  on  0.635  cm  center-co-center  spacing  was  built  and  success¬ 
fully  used  as  a  transmitter  array  i**  a  transmission  mode  imaging  system. 

A  comparison  of  theoretical  versus  experimental  electrical  impedance  of 
one  such  element  is  shown  in  Fig.  3-12.  The  agreement  is  excellent  and 
shows  the  usefulness  of  the  modified  cne-dieensional  model  parameters 
developed  in  Sectiou  B.  The  lead  and  backing  impedances  were  taken  as 
the  simple  longitudinal  wave  mode  Impedances  in  this  theory.  The  effect 
of  using  the  semi-infinite  backing  impedance  calculated  in  Section  D  on 
the  electrical  impedance  Is  slight  as  will  be  shown  In  the  description 
of  tungsten-epoxy  backed  arrays. 

Because  of  the  background  noise  associated  with  lead  backings  and 
other  metals  like  soft  iron  and  brass,  tungsten-loaded  epexy  backings 
were  manufactured  which  yielded  net  only  the  high  Impedance  desired,  but 
also  the  high  loss  and  fast  background  decay  rates.  Tungsten  is  the 

obvious  choice  as  the  filler  material  because  its  impedance  (2^  *  101 (10) S 
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is  as  large  as  can  be  found.  Composites  cade  of  tungsten  and  epoxy  and 
tungsten  and  vinyl  powder'*'4  are  described  in  the  literature.  The  first 
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technique  uses  cungscen  powder  mixed  with  excess  epoxy.  The  excess  epoxy 
Is  chen  squeeted  out  in  a  press.  Backings  were  readily  nade  using  this 
technique,  hue  the  highest  impedance  achieved  was  only  *  14(10)^ 

In  addition,  the  aaceriai  contained  cany  voids  which  would  be  disastrous 
mechanically  and  acoustically  if  occurring  at  the  surface  where  the 
ceramic  is  bonded.  The  second  oethod  is  carried  out  by  mixing  tungsten 
and  vinyl  powders  in  known  ratios  and  combining  the  matrix  with  standard 
hot-pressing  techniques.  Lack  of  facilities  precluded  using  this  tech¬ 
nique.  A  third  cechod,  suggested  by  L.  Zitelli,45  uciliaed  vacuum  impreg¬ 
nation  of  epoxy  into  a  matrix  of  tungsten  powder.  This  method  was  easily 
implemented.  By  compressing  the  powder  in  a  mold  to  a  given  density  anc 
then  vacuum  impregnating,  backing  impedance  could  be  easily  varied  from 
Zl  "  co  ZJ  “  40(10)  .  However,  as  the  impedance  rose, the  loss 

dropped.  A  corpromise  choice  was  used  for  the  arays  with  Z,  -  25-  28(10) 6 
with  a  loss  of  approximately  8  d3/cn. 

All  the  epoxy  backed  arrays  reported  in  this  thesis  were  built  using 
a  cast -in-place  process  developed  jointly  with  J.  Fraser.  In  this  method, 
the  ceramic  was  bonded  to  the  backing  in  the  same  step  where  the  epoxy 
was  impregnated  into  the  tungsten.  This  whole  process  was  carried  out 
in  a  mold.  The  mold  was  nade  in  two  parts,  a  bottom  plate  containing 
a  vacuum  tight  "O-ring"  groove  which  is  chen  bolted  onto  the  mold  itself. 
The  mold  is  open  top  and  bottom  ano  conformed  to  the  shape  of  the  backing. 
The  ceramic  is  placed  in  the  bottom  of  the  mold  with  the  bottom  plate  in 
position  and  held  flat  against  the  bottom  with  spring-loaded  rods  to  pre¬ 
vent  particles  from  getting  underneath  the  ceramic.  Tungsten  powder  is 
poured  into  the  desired  thickness  and  compressed  with  a  ram  co  the  desired 
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density.  Epoxy,  Dow  Chemical  resin  DER  332  cured  with  141  metaphenylene 
diamine  by  weight  in  this  case,  is  poured  cn  top  of  the  tungsten.  The 
whole  sold  is  then  placed  into  a  vacuus  station  and  pusped  down  to 
100-  300  y.  This  process  evacuates  all  of  the  air  from  the  sold.  When 
the  vacuus  is  released,  air  pressure  simply  forces  the  epoxy  into  the 
evacuated  tungsten  powder.  A  bar  is  clasped  onto  the  back  of  the  tungsten- 
epoxy  matrix  until  the  epoxy  cures  to  keep  the  tungsten  particles  in  inti- 
sate  contact  with  the  ceramic.  Thi3  last  step  is  vitally  important  as  a 
fairly  thick  epoxy  bonding  layer  develops  if  cnitted.  This  process  elimi¬ 
nates  the  need  for  a  separate,  elaborate  bonding  process  to  attach  the 
ceramic  to  the  backing  and  yields  consistent,  uniform  results.  The  "equiv¬ 
alent”  epoxy  bond  thickness  is  less  than  1  ya  as  measured  in  angle-cut 
samples  and  in  comparison  to  theoretical  results  generated  from  the  com¬ 
puter  program. 

The  impedance  of  composite  backing  materials  depends  strongly  on  the 
size,  size  mixture,  and  shape  of  the  particles  used.  A  powder  containing 
a  range  of  particles  of  spherical  shape  will  pack  core  densely  than  single¬ 
sized  or  jagged  particles.  Backings  made  with  Cerac  flame  spray  tungsten 
powder  sieved  to  -325  nesh  (less  than  44  microns)  with  no  pressure  packing 
came  out  with  an  impedance  of  23(10)**  when  simply  vacuum  impregnated.  How¬ 
ever,  with  shape  and  size  variability  between  powders,  the  impedance  pre¬ 
diction  remains  an  empirical  one. 

The  loss  in  these  high  impedance  tungsten  epoxy  backings  is  high,  but 
reflections  from  the  back  of  the  backing  still  limit  the  dynamic  range  of 
the  array.  The  backing  may  be  made  as  long  as  desired  with  consequent  size 
and  weight  penalties  or  cut  into  a  wedge-shape  as  one  with  another  array 
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reported  later.  A  core  rubbery  material,  whether  a  vinyl  powder,  a 
sore  flexible  epoxy,  or  urethane,  should  greatly  enhance  the  loss  in 
the  backing.  These  materials  are  polymers  in  general  and  thus  visco¬ 
elastic  materials;  alao,  rubbery  materials  tend  to  be  core  viscous 
than  elastic.^  The  greater  loss  in  these  caterials  is  a  result  of 
the  higher  internal  friction  in  the  material  and  to  cocplicated 

polymer  relaxation  phenomena.  The  Dow  resin  yields  a  very  low  vis- 
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cosity,  low  shrinkage,  and  hard  and  highly  cross-linked  epoxy  which 
is  excellent  tor  vacuum  impregnating  but  is  not  as  lossy  as  other 
binder  caterials  since  it  behaves  core  like  an  elastic  caterlal. 

Several  arrays  with  100  to  128  individual  elements  were  built 
using  the  cas  -in-?iacet  tungsten-epoxy  backings  just  described.  The 
PZT-5A  ceranic  place  with  chroce  nickel  electrodes  was  first  cut  into 
10  ca  *  1.27  c=  *  0.C635  ca  slabs  so  that  the  free  boundary  half-wave 
resonance  of  narrow  slotted  elements  was  2.97  MHz.  The  backing  imped¬ 
ance  was  25 (10)6  so  that  the  center  frequency  was  downshifted  to  about 
2.5  MHz.  Cround  connection  to  the  elements  was  made  by  laying  a  0.001 
inch  thick  brass  strip  next  to  the  ceramic  before  pouring  the  tungsten 
powder  into  the  mold.  Direct  soldering  of  the  brass  to  the  nickel 
electrode  was  unsuccessful  as  the  high  pressure  (4000  lb/in“)  necessary 
to  get  the  impedance  desired  also  tended  to  crack  the  ceramic  in  this 
case.  As  the  backing  was  only  slightly  conductive,  the  brass  was  capaci- 
clvely  coupled  to  the  nickel.  The  individual  elements  were  cut  one  at 
a  tioe  on  0.020”  or  0.025”  centers  using  a  0.006”  diamond  saw.  The  kerf 
of  such  saws  varied  from  0.008”  to  0.010”.  This  left  elements  0.010"  to 
0.015”  wide  although  each  array  had  element  widths  varying  only  by  at  =os 
0.001”,  A  gold  wire  G.002”  in  diameter  was  spot-welded  onto  the  top  of 


each  clement  to  sake  the  hot  connections  to  circuit  boards  glued  to  the 
sides  of  the  backing.  Impedance  transformers  were  used  to  catch  the  high 
impedance  of  elements,  typically  800  ohms,  down  to  the  50  ohms  of  coaxial 
cable. 

The  arrays  were  glued  into  an  aluminum  housing,  and  a  protective 
material  placed  cn  top  of  the  array.  The  design  of  this  protective  layer 
is  important.  Ideally,  the  spaces  between  the  elements  should  be  air 
filled  to  prevent  acoustic  coupling  between  elements.  Epoxy  and  epoxy 
filled  with  glass  microballoons  were  unsuccessfully  tried  as  filler 
materials.  As  described  later,  silicon  carbide  loaded  urethane  was  suc¬ 
cessfully  used  in  a  quarter  wave  matched  array.  The  ideal  material 
would  be  "hard  air"  which  might  be  made  from  various  hard-setting  foams. 
To  protect  the  top  of  the  array  free  water  and  mechanical  damage,  "hard 
water"  would  be  the  ideal  material  so  as  not  to  disturb  the  character¬ 
istics  of  the  transducers.  In  the  reported  arrays,  a  plastic  cape  was 
used  which  was  vacuum  suctioned  onto  the  array.  This  tape  was  0.005" 
thick,  but  had  an  acoustic  impedance  of  less  than  2.0(10)^  and  was  very 
pliable.  This  pliability  was  Important  so  as  to  reduce  the  acoustic 
coupling  through  shear  waves  in  the  tape.  This  tape  worked  adequately 
for  these  arrays. 

A  comparison  of  the  experimental  and  theoretical  electrical  imped¬ 
ance  of  an  array  element  is  shown  in  rig.  3-13.  This  128  element  array 

47 

was  used  in  a  reflection  mode  imaging  system  where  two  Individual  ele¬ 
ments  were  connected  in  parallel  to  form  one  transmitter  or  receiver 
element.  The  individual  elements  are  0.292  cm  wide  «  0.0635  cm  high  * 
1.27  cm  long  backed  with  Z  •  28(10)^  tungjeen  epoxy.  Excellent  agree¬ 
ment  between  theory  and  experiment  is  seen  in  rig.  3-13.  The  theory 


docs  include  200  pf  scries  capacitance  arising  from  ground  lead  coupling 

through  the  backing  material.  The  theory  does  not  include  the  complex 

load  or  backing  impedance.  A  comparison  of  the  theoretical  electrical 

impedances  of  e  slotted  array  element  (G  •  0.46)  is  shown  in  Fig.  3-14 

where  in  one  case  the  plane  wave  load  in pe dances  are  used  and  in  the 

other,  the  complex  effective  load  impedances  are  used.  The  difference 

between  the  two  cases  is  small  except  at  low  frequencies  where  a  snail 

peak  in  the  real  part  of  the  impedance  is  observed  at  f/f  -  0.25  . 

o 

The  measured  electrical  impedance,  shown  in  Fig.  3-13,  is  shown  in 

Fig.  3-14  as  well  and  has  a  similar  peak  at  f/f  •  0.47  .  This  is  con- 

o 

sistent  with  the  neasured  electrical  impedances  of  lead-backed  elesents 

shown  in  Fig.  3-6  with  G  »  0.50  and  G  *  0.40  .  In  these  cases  there 

is  a  peak  approxisately  at  f/f  •  0.40  .  It  is  very  possible  that 

o 

these  observed  effects  are  in  fact  the  effect  of  the  complex  load  imped¬ 
ances.  The  discrepancy  between  the  measured  and  predicted  peaks  could 
be  accounted  for  by  the  approximations  used  in  the  variational  cneory. 

It  is  clear  that  fer  narrow  radiators  like  that  in  Fig.  3-6  where  G  ■ 
0.40  ,  the  peak  in  the  impedance  on  the  low  edge  of  the  passband  could 
yield  some  undesirable  resonances  in  the  frequency  response  and  concoa- 
mltant  ringing  in  the  impulse  response. 

The  insertion  loss  of  ten  array  elements  connected  in  parallel  is 
shown  in  Fig.  3-15.  This  100-element  array  was  used  as  a  receiver  in  a 
transmission  mode  phase  contrast  imaging  system.^® The  elements, 
connected  singly,  are  0.0366  cm  wide  *  0.0635  cm  high  x  1.10  cm  long. 

A  4:1  impedance  transformer  was  used  to  bring  the  input  impedance  of  the 
elements  down  to  the  reference  SO  ohms;  3.5  dB  was  added  to  the  measured 
data  to  compensate  for  the  power  reflected  into  the  spaces  between  the 
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‘ot^lood  “  3.16  allowing  offset  of  calculated 


FIG.  3-15 


elements.  Diffraction  was  neglected  as  the  air-wacer  interface  was 
only  1.0  cn  from  the  array.  Good  agreement  between  theory  and  experi¬ 
ment  is  seen;  the  measured  bandwidth  is  962  and  the  insertion  loss 
is  25.5  dB,  Because  G  is  rather  large  (C  -  0.58)  in  this  case,  a 
strong  resonant  peak  is  noted  at  £.2  MH z  corresponding  to  the  undamped 
lateral  resonance.  This  was  of  no  concern  in  the  cv  imaging  system  for 
which  the  array  was  used,  but  in  the  case  where  the  element  is  excited 
by  a  broadband  pulse,  this  resonance  would  cause  long  decay-time  ringing 
in  the  transducer  response - 

r .  QUARTER-VAVE  MATCHED  ARRAYS 

The  efficiency  of  simple  backed  arrays  can  be  increased  using  the 
acoustic  catching  techniques  described  in  Chapter  II.  Quarter-wave 
matched  arrays  can  be  built  with  one  or  acre  full  face  matching  layers 
or  with  fully  slotted  layers  and  a  face  place. 

Several  quarter-wave  matched  arrays  have  been  reported  in  the 
literature.  One  array  was  constructed  with  two  full-face  matching 
layers,  one  epoxy  (2  *  2.7)  and  the  other  arsenic  sulfice  (Z  ■  8.3), 
and  operating  at  2.5  or  3.5  The  bandwidth  was  reported  to  be 

on  the  order  of  702  with  theoretical  round-trip  insertion  loss  of  0.5  d3. 
The  elements  were  constructed  with  a  width  to  height  ratio  (C)  of  0.7  or 
less  which  is  slightly  greater  than  the  narrow  element  range  of  G  ^  0.5 
discussed  in  this  paper.  Although  not  reported  in  reference  50,  the 
beam  width  of  the  elements  is  expected  to  be  small  since  the  quarter- 
wave  places  are  uoslocted.  This  is  the  case  since  acoustic  cross¬ 
coupling  through  the  matching  layers  could  make  the  effective  width  of 
the  element  much  larger  than  the  width  of  the  transducer  element.  A 
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second  array  reported  recently  is  constructed  with  a  single  slotted 
quarter-wave  plate51  on  narrow  eleaents  with  C  <  0.6  and  operating 
at  2.25  XHz.  High  efficiency  and  302  bandwidth  were  reported  for  this 
configuration.  No  cent ion  was  aade  of  the  spatial  frequency  response. 

It  is  known,  though  not  reported  in  the  open  literature,  that  several 
canufacturers  of  inaging  systeas  also  use  single-quarter-vave  aatchcd 
arrays.  No  data  is  available  on  their  characteristics. 

The  array  design  described  here  ideally  uses  two  fully  slotted 
layers  as  shown  in  Fig.  3-1,  so  that  the  angular  acceptance  is  large. 

Since  the  matching  layers  are  slotted,  the  acoustic  properties  of  the 
sections  cannot  be  treated  with  a  siaple  plane  longitudinal  wave  theory. 

A  siailar  theory  to  that  used  for  the  narrow  transducer  elesent  can  be 
used,  however. 

It  lead  zirconate  tltanate  is  used  as  the  active  caterlal,  at 
least  two  aatching  layers  would  be  desirable  froa  the  results  of 

Chapter  II.  Since  the  slotted  elcaent  has  a  large  effective  coupling 
2 

constant  (fcj^  “  0.47  for  PZT-5A) ,  three  layers  would  be  aore  optiaal 
than  two.  An  ideal  triple  aatched  elesent  case  was  coaputed  which  had 
1102  3  dB  bandwidth  when  air-backed  and  742  bandwidth  with  a  backing 
ispedance  of  10(10)^.  However,  the  Increase  in  bandwidth  over  that  of 
the  double  aatching  layer  shown  in  Fig.  3-17  had  only  a  aarginal  effect 
on  the  inpulse  response.  Because  a  triple-quarter -wave  aatched  transducer 
elesent  would  be  a  difficult  structure  to  ispleaent  in  a  fully  slotted 

array,  no  further  developnent  of  this  case  appeared  to  be  warranted. 

2 

However,  the  high  value  of  k*^  for  PZT-5A  is  very  isportant  in  that  so 
tuning  is  necessary  to  achieve  high  efficiency.  A  series  inductively 
tuned  slotted  eleaent  only  yields  about  another  2  dB  less  insertion  loss. 
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From  Table  3-2,  the  slotted  ceramic  (PZT-5A)  has  an  impedance 
30(10)  .  Froo  Table  2-1  the  optimal  matching  layer  impedances  for 
a  water  load  are  4.07(10)5  for  one  layer,  8.3K10)6  and  2.30(10)6 
for  two  layers,  and  13.4(10)6,  4.06(10)6,  and  1.83(10)6  for  three 
layers.  The  theoretical  electrical  impedance,  insertion  loss,  and 
inpulse  response  for  one  and  two  catching  layer  array  elements  are 
shown  in  Figs.  3-16  and  3-17,  respectively.  A  backing  inpedance  of 
10(10)  was  assuaed,  and  no  electrical  tuning  was  enployed,  but 
electrical  impedance  catching  was.  The  insertion  losses  are  then 
6.5  dB  and  6  dB,  respectively,  at  band  center,  and  Gausslan-shaped 
passbands  are  partially  achieved.  The  single  quarter-wave  plate 
element  would  have  38! ,  3  d3  bandwidth  and  a  very  symmetric  impulse 
response.  The  double  matched  element  has  65J  bandwidth  and  a  more 
compact  Impulse  response.  The  double  matched  element  has  a  more 
square  bandshape  than  the  single  matched  case,  however,  and  a  less 
symmetric  impulse  response.  The  problem  becomes  crying  to  find 
materials  that  when  slotted,  have  uniform  field  distributions  and 
impedances  close  to  the  optimums  as  shown  in  Figs.  3-16  and  3-17. 

The  design  of  an  experimental  double  matched  array  is  described 
which  uses  glass  and  epoxy  matching  sections. 

The  properties  of  the  matching  layers  for  narrow  elements  can 
calculated  using  the  simple  coupled  mode  resonator  theory  shown 
in  Section  3-C,  assuming  chat  the  layers  are  isotropic.  For  mate¬ 
rials  with  small  values  of  Poisson's  ratio  (e)  ,  the  phase  velocity 
in  the  slotted  section  remains  very  close  to  the  longitudinal  velocity 
(Eq.  (3-29)]  for  configuration  ratios  less  chan  0.7.  Also  since  C13 
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is  snail  in  this  case,  the  extensional  velocity  is  about  902  of  the 
plane  longitudinal  velocity.  The  experinental  arrays  reported  here 
were  built  with  a  layer  of  light  borosilicate  glass  ( Z ^  -  11.1(10)*, 
v £  -  4.91(10)*,  and  c  ■  0.25  )  with  a  configuration  ratio  (C)  of 
0.5,  The  section  was  considered  as  a  half-wave  resonator  to  determine 
the  properties,  and  then  the  height  divided  in  half  to  cake  a  quarter- 
wave  Batching  section.  With  this  approach  and  us  .ng  Fig.  3-4,  the 
notified  paraseters  for  the  slotted  glass  (G  -  0.5)  were  Z  ■  10.4(10)* 
and  v  ■  4.64(10)*  .  This  iapedar.ee  is  not  close  to  the  optical  value 
of  8.31(10)*,  but  there  are  very  few  other  caterials  with  properties  in 
this  range.  Arsenic  sulfide  would  be  a  good  choice  here,  especially 
if  its  O  is  snail;  but  is  not  readily  available  and  it  is  difficult  to 
work  with  as  it  cracks  easily  and  is  poisonous.  Another  possibility  is 
a  powder-loaded  epoxy,  but  this  sort  of  eaterial  usually  has  a  high 
Poisson*3  ratio  which  presents  other  probleas  to  be  discussed. 

Another  way  to  exaalne  the  properties  of  these  sections  is  to  con¬ 
sider  then  as  short  sections  of  acoustic  waveguide.  The  nodes  of  free 

boundary  isotropic  waveguides  are  the  well-known  Lacb  waves  and  hori- 

52 

zontally-polarized  shear  waves.  ~  The  node  of  interest  here  is  the 
lowest  order  syecctric  Lacb  wave  (the  dilatatlonal  code  labeled  L^  in 
cost  texts).  Near  the  3  ■  0  licit,  the  fields  of  are  unifora 
across  the  guide  and  are  like  the  extensional  code  discussed  in  the 
previous  sections.  In  fact,  the  coupled  codes  exasined  in  Section  3-C 
are  like  the  dilatatlonal  codes  L^  and  in  the  6*0  licit.  It 
will  be  assuced  chat  the  antisynnetric  codes  are  not  excited  in  the 
array  structure  described.  The  dispersion  relation  for  the  3>*ccetric 
Lacb  waves  is  the  Rayleigh-Laob  frequency  relation,  or 
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Solution  of  (3-79)  for  for  snail  2L  shows,  ns  expected,  that  the 
phase  velocity  is  the  extensional  velocity  previously  calculated.  This 
approach  is  intuitively  core  satisfying  since  the  nacching  sections  are 
treated  in  the  KLM  cod el  as  sections  of  waveguide.  For  snail  values  of 
£L  ,  the  theories  give  identical  results.  For  the  glass  nacching  sec¬ 
tion  in  the  array  to  be  described,  3L  »  1.5  which  places  it  easily  in 
the  regine  where  the  code  is  an  alaost  uaifora  dilataticnal  notion 
with  a  phase  velocity  of  4.64(10)**. 

6  ,  6 

However,  materials  with  ispedances  in  the  range  2(10)  to  7(10) 
are  alnost  all  plastics,  epoxies,  or  powder-loaded  epoxy  cocposites. 
These  naterials  are  "soft"  in  the  sense  that  they  have  sea 11  shear 
stiffnesses  and  hence  large  values  of  Z  .  The  epoxy  used  in  Section 
3-E  (Dow  332  hardened  with  netaphenylene  diaslne  (HPDA))  has  a  Z  of 
0.37,  but  cost  of  the  others  are  closer  to  0.40.  Since  is  rela¬ 

tively  large  for  these  naterials,  the  extensional  velocity  is  substan¬ 
tially  downshifted  froa  the  plane  longitudinal  velocity  as  seen  in 


0.40.  V  /V.  -  0.74 
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Fig.  3-4.  For  C  »  0.37  ,  V^/V.  ■«  0.82  and  for  C  ■ 
the  impedance  of  a  slotted  element,  operating  in  ;.he  pure  extensional 
regime  vould  also  be  downshifted.  The  Dow  332/MPDA  epoxy  would  then  have 
an  impedance  of  2.77(10)°.  The  strong  coupling  in  this  material,  since 
the  coupling  constant  is  (C^/C^)*  froa  Eq.  (3-31),  starts  to  upset 
the  extensional  nature  of  the  mode  for  values  of  G  greater  chan  about  1/3. 

The  two  lowest  order  dilacacional  nodes  L.  and  L-  for  this  mate- 

x  2 

rial  are  plotted  in  Fig.  3-13.  It  is  easily  seen  froa  the  figure  that 
to  operate  the  section  in  the  dilacacional  node,  3L  *  (u/V^) L  must 

be  on  the  order  of  one.  To  operate  at  a  center  frequency  of  3.79  MHz, 
the  width  of  the  section  aust  then  be  froa  the  figure  about  90  ;a.  The 
height  of  the  element  for  quarter-vave  operation  at  3.79  MHz  would  be 
149  ua.  The  total  height  of  the  elenent  including  the  ceramic  and  two 
quarter-wave  sections  would  be  911  wa.  l.ie  element  would  be  ten  times 
higher  chan  it  was  wide.  This  is  an  extreaely  hard  configuration  to 
fabricate  for  high  frequency  arrays,  especially  with  aany  elenent s.  The 
eleaencs  would  be  extremely  fragile  and  difficult  to  cut  with  either 
dlaaond  saws  or  wire  saws. 

An  alternative  solution  would  be  to  use  z  Tull  face  quarter-wave 
plate  over  the  entire  top  of  the  array.  As  shown  in  Section  3-D,  longi¬ 
tudinal,  shear,  and  Rayleigh  waves  would  be  launched  into  this  medium, 
but  if  the  elenent  were  not  too  narrow,  chat  is  if  2L  were  one  or  greater, 
the  impedance  of  the  layer  vould  be  very  close  to  the  simple  longitu¬ 
dinal  wave  icpedance.  This  full  face  quarter-vave  plate  vould  also 
act  as  a  protective  coating  over  the  face  of  the  array,  not  letting 
water  penetrate  between  the  elements  and  mechanically  supporting  the 
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array  structure.  The  penalty  for  using  this  approach  is  introducing 
acoustic  cross-coupling  between  the  elements  from  codes  excited  in  the 
full  face  layer.  As  will  be  shown,  it  is  desirable  from  angular  bean- 
width  considerations  to  keep  this  cross-coupling  below  25  dB.  However, 
even  in  a  fully-slotted  array,  a  face  plate  is  required  and  the  sane 
considerations  apply.  The  face  plate  in  this  case  should  be  cade  of 
an  acoustically  identical  material  to  water.  Some  polyurethanes  cone 
close  to  this  requirement.  One  is  used  in  reference  51  as  a  protective 
face  plate  which  has  virtually  identical  acoustic  properties  to  water. 

A  180-eiemeat  quarter-wave  matched  array  was  designed  and  built  to 
operate  with  fully-slotted  elements  at  a  3.8  MHz  center  frequency.  The 
array  was  fabricated  by  opoxying  a  0.018”  thick  x  4”  *  0.490”  wide  slab 
of  P2T-5A  with  2000  X  thick  chrome  nickel  electrodes  to  a  0.012”  x  4” 

*  0-455”  piece  of  borosiiicate  glass.  The  extra  width  of  PZT-5A  was 
included  in  order  to  rake  electrical  connection.  The  thin-bonding  tech¬ 
nique  of  Papadakis33  was  used  to  insure  a  negligibly  thin  bond  between 
the  glass  and  ceramic.  This  slab  was  then  epoxied,  using  the  sane  tech¬ 
nique,  tc  a  backing  of  silicon  carbide  loaded  epoxy  (2  *  9.4(10)^)  formed 
into  a  long  wedge  shape  (2.5”  x  0.5")  with  a  lossy  flexible  epoxy  coat 
around  the  wedge.  The  long  wedge  shape  with  an  included  angle  of  11.4° 
enabled  the  acoustic  waves  to  be  reflected  from  the  sides  of  the  wedge 
8  times  before  being  re-reflected  back  towards  the  ceramic.  The  in¬ 
creased  path  length  and  many  reflections  served  to  attenuate  the  signal 
greatly  by  loss  in  the  backing  (8  d3/cm) ,  rode  conversion  into  shear 
waves,  and  refraction  into  the  surrounding  lossy  flexible  epoxy.  A 
wedge  with  an  included  angle  of  20°  would  have  only  three  reflections 
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before  being  directed  towards  r.he  ceraclc.  Experimentally,  a  ceeaercial 
transducer  (3.5  MHz)  was  used  to  launch  a  pulsed  signal  into  the  backing 
wedge.  The  resultant  signal  noise  was  50  d3  below  that  of  a  reflected 
signal  froa  a  flat  surface  in  aluainua  1  ca  thick.  Electrical  connec¬ 
tion  was  cade  with  0.001'*  thick  brass  leads  0.010”  wide  on  0.020”  centers 
soldered  to  both  edges  of  the  ceraaic.  A  0.004”  thick  piece  of  Dow  332 
epoxy  was  then  cast  onto  the  front  of  the  glass  to  cake  the  outer  quarter- 
wave  plate.  The  electrical  connections  were  brought  down  the  sides  of 
the  backing  by  leads  on  printed  circuit  boards.  Tht  elecents  were  then 
diaaond  sawed  with  a  0.0C6”  blade.  The  kerf  of  the  saw  was  0.008”  re¬ 
sulting  in  elecents  0.012”  wide  on  0.020”  centers.  A  photograph  of  this 
array  is  shown  in  Fig.  3-19. 

In  this  configuration,  G  -  1.5  for  the  epoxy  section  and  if 
operating  in  the  extensional  code,  an  expected  phase  velocity  of 
1.35(10) 6  and  iapedance  of  1.66(10)*  fron  Fig.  3-18.  Hence  this  section 
is  virtually  identical  to  water  and  has  little  effect  on  the  character¬ 
istics  of  the  element.  The  expericencal  ispcdance  for  this  eleaent  is 
shown  in  Fig.  3-20.  A  pronounced  peak  at  bandcencer  is  unexpected  and 
appears  to  result  froa  the  epoxy  section  cede  hopping  to  a  higher  order 
code  where  the  effective  iapedance  and  phase  velocity  are  such  higher. 

As  the  width  of  the  epoxy  quarter-wave  aacching  layer  is  greater  char, 
the  height  by  50Z  in  this  case,  it  is  difficult  to  predict  the  exact 
nature  of  the  fields  in  the  section.  The  electrical  iapedance  of  a 
transducer  eleaent  is  shown  in  Fig.  3-20  coapared  to  a  theoretical 
calculation  where  the  aodal  velocity  and  iapedance  of  the  epoxy  aacching 

section  is  taken  to  be  the  staple  plane  longitudinal  ones  (v,  *  2. 75(10)  \ 
6 

2.  *  3.38(10)  ).  In  this  case,  the  thickness  of  the  epoxy  notching 
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Photograph  of  180-clument  double  quarter-wave 


EXPERIMENTAL  DATA 


FIC.  3-20.  Experimental  electrical  Impedance  of  one  oleaont  of  array  In  Fig.  3-19. 


section  is  0.153  where  \q  is  the  wavelength  correspond  trig  zs 

the  resonant  frequency  £  of  the  ceramic.  this  is  not  close  to 
o 

the  optimal  quarter  wavelength  thickness  aad  gives  a  very  peaky 
frequency  response.  The  catch  between  theory  and  experiment  is  not 
very  good,  but  this  calculation  does  predict  the  strong  peak  near 
shown  in  the  experimental  date. 

In  order  to  snoot h  out  the  frequency  response  of  the  array  ele¬ 
ments,  an  additional  0.004”  thick  layer  cf  epoxy  was  glued  onto  the 
face  of  the  array  so  chat  the  total  thickness  of  the  epoxy  was  C.Q03". 
lo  addition,  before  this  layer  was  attached,  a  fixture  of  highly 
absorptive  silicon  carbide  loaded  polyurethar.it  was  vacuus  impregnated 
into  the  grooves  between  the  array  elements.  This  measure  served  to 
damp  out  the  lateral  resonance  cf  the  transducer  elements  had 

b^en  evident  ia  the  impulse  response.  It  also  gave  greater  structural 
rigidity  to  the  array  itself.  The  addition  of  the  extra  layer  of  epoxy 
had  the  desired  result  is  that  the  frequency  response  of  the  elements 
was  smoothed  out  as  shown  in  a  plot  of  the  electrical  input  impedance 
in  Fig.  3-21.  A  theoretical  cuive  is  shown  ia  Fig.  3-21  which  assumes 
Chat  the  modal  velocity  end  impedance  of  the  epoxy,  including  the  slotted 
section  and  the  extra  full  face  layer,  are  the  simple  longitudinal  ones. 
The  match  is  not  good,  especially  at  the  high  frequency  end  where  the 
theory  does  net  predict  the  low  radiation  resistance  seen  ia  the  experi¬ 
mental  data.  The  complicated  nature  of  the  modes  excited  in  the  slotted 
epoxy  matching  section  appear  to  preclude  a  better  prediction  of  the 
transducer  characteristics.  However,  the  smooth  frequency  response  of 
the  element  yields  a  compact  impulse  response  as  will  be  shown.  The 
insertion  loss  is  quite  low  as  well. 
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••••  EXPERIMENTAL  DATA 
0.8-  -  THEORY 


K/G.  ’J-21,  Effort  of  adding  epoxy  face  plate  on  experimental  electrical  impedance  of  array 

In  Kt>..  1-10. 


The  insertion  loss  of  the  transducer  array  elements  vas  determined 
by  first  connecting  14  elements  in  parallel  so  that  the  effects  of  dif¬ 
fraction  loss  would  be  largely  eliminated  in  the  reflection  mode  experi¬ 
ment  to  be  described.  This  procedure  gave  an  input  impedance  of  52  ohms 
at  -45°  at  3.5  MHz  sc  that  the  elements  could  be  matched  to  a  50  ohm 
generator.  The  transmitted  signal  was  reflected  off  an  air-water 
interface  approximately  0.5  cm  away,  and  the  received  signal  measured 
with  a  high  impedance  probe  so  that  the  transducer  elements  were  loaded 
by  the  50  ohm  generator.  The  total  14-element  length  vas  0.7  cm  so  that 
the  path  length  in  water  was  well  within  the  Rayleigh  range  (approxi¬ 
mately  10  cm  in  this  case).  An  additional  2.2  dB  was  added  to  the  ex¬ 
perimental  data  shown  in  Fig.  3-22  to  account  for  the  reflected  signal 
which  was  incident  upon  the  gaps  between  the  elements  (0.008"  gaps  to 
0.012"  wide  elements).  This  assumes  that  the  signals  produced  from  the 
individual  elements  would  diffraction  spread  and  upon  reflection  pro¬ 
duce  a  uniform  bean  incident  back  upon  the  face  of  the  transducer  array. 

As  seen  in  Fig.  3-22,  the  minimum  round-trip  insertion  loss  is 
11  d3  at  3. 35  MHz,  and  the  3  dB  fractional  bandwidth  is  ^5Z.  The  3  dB 
cutoff  frequencies  are  2.73  KHz  and  4.2t  >352.  The  6  dB  cutoff  fre¬ 
quencies  are  2.57  MHz  and  4.43  >2iz.  The  bands'nape  is  flat  over  the 
passband  with  a  1.5  dB  bump  at  3.85  MHz .  For  comparison,  the  theo¬ 
retical  insertion  loss  of  an  element  with  the  seme  parameters  as  in 
Fig.  3-21  is  also  shown  in  Fig.  3-22.  The  theoretical  case  shows  S  d3 
round-trip  insertion  loss  and  an  82X  3  dB  bandwidth.  The  extra  5  dB 
loss  in  the  experimental  data  is  difficult  to  explain  but  is  consis¬ 
tent  with  practically  every  transducer  the  author  has  made.  Most  of 
the  loss  in  bandwidth  occurs  at  the  high  frequency  end  as  was  noted 

) 
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NORMALIZED  FREQUENCY 


earlier.  The  decrease  in  bandwidth  is  responsible  for  the  extra  cycle 
in  the  experimental  impulse  response  shown  in  Fig.  3-23,  over  that 
expected  of  a  70-80Z  bandwidth  transducer. 

The  expericental  impulse  response  was  also  measured  using  the 
14  elements  connected  in  parallel  and  observing  the  reflection  off  an 
air-water  interface.  The  excitation  was  a  single  3.0  MHz  cosine  pulse 
generated  from  an  Exact  7271  generator  and  is  shown  in  Fig.  3-23 (a) 
as  loaded  by  the  transducer  elecents.  The  impulse  response  is  shown 
in  Fig.  3-23(b)  and  consists  basically  of  a  5  half-cycle  response  at 
3  MHz. 

Since  each  transducer  element  has  a  very  high  impedance,  on  the 
order  of  750  ohms,  it  is  necessary  to  transfora  this  icpedance  down  to 
50  ohms  for  optimal  impedance  matching  into  a  50  ohm  cable.  Transformers 
were  wound  with  an  d:31  turns  ratio  on  high  permeability  ferrite  cores 
(Indiana  General  7704)  so  that  the  impedance  of  an  element  was  50  ohrsat 

3.5  MKx.  The  large  number  of  turns  was  necessary  to  increase  the  para¬ 
sitic  parallel  inductance  and  resistance  in  the  transformer  to  large 
enough  values  so  that  they  had  minimal  effect  on  the  bandshape  and 
insertion  loss  of  the  elements.  The  transformers  take  50  V  on  the 
primary  without  saturation  or  200  V  on  the  element  Itself.  The  parallel 
inductance  does  not  affect  the  real  part  of  the  element  impedance  above 

1.6  MHz,  but  there  is  a  slight  tuning  effect  on  the  imaginary  part.  This 
would  serve  to  lower  the  insertion  loss  by  a  small  amount. 

The  impulse  response  of  a  single  impedance  matched  element  was 
measured  by  ?.  Crant  by  reflecting  a  signal  off  a  0.018  s=3  diameter  wire 
target.  The  excitation  and  impulse  response  are  shown  in  Fig.  3-24. 
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The  excitation  was  a  C.25  usee  wide  square  pulse  in  this  ease.  The 
impulse  response  shows  a  3.5  MHz  5  half  cycle  response  very  siailar 
to  that  shown  in  Fig.  3-23(b).  Additional  ringing  li  dB  down  fron 
the  aain  response  is  observed  wnich  extends  1.5  usee  beyong  the  aain 
response  before  decaying  away. 

The  angular  acceptance  of  a  single  icpedance  matched  element  was 
aeasured  by  rotating  the  array  about  the  long  axis  of  the  element 
while  insonified  by  plane  wave  fron  a  transacting  transducer  The 
measured  angular  acceptance  is  shown  in  Fig.  3-25  for  four  frequencies 
and  is  coapared  to  t*:e  theoretical  response  predicted  froa  Eq.  (1-1). 

The  aeasured  3  dB  acceptance  angles  were  i24°  at  2.5  MH2,  c23°  at 
3  MHz,  Cl6°  at  3.5  MHz,  and  r6. 5°  at  4  MHz.  The  values  are  auch  less 
than  the  ideal  values  of  61°,  47°,  38°,  and  31°,  respectively,  obtained 
fron  Eq.  (1-2).  These  low  censured  acceptance  angles  are  attributed  to 
strong  cross-coupling  between  vhe  array  eleaents,  aostly  in  the  full 
face  epoxy  layer  on  the  face  cf  the  array.  However,  the  acceptance 
angles  are  adequate  for  aosc  inaging  sysceas. 

C.  CROSS-COUPLING  BETWEEN  ARRAY  ELEMENTS 

Acoustical  and  electrical  cross-coupling  between  the  eleaents  o: 
an  array  can  produce  undesireable  artifacts  in  the  spatial  frequency  re¬ 
sponse  of  an  individual  elcaent.  As  shown  in  Eq.  (1-1),  the  spatial 
frequency  response  of  an  eleaent  with  no  coupling  is  a  siaple  sin  x/x 
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response: 


F(5)  -  sin(kL  sin  5/2 )/(kL  sia  5/2)  (1-1) 

where  k  is  the  vavenucber  in  the  load  rediua,  L  the  width  of  the 
element,  and  5  is  the  angle  away  froa  the  surface  normal.  If  the  cross- 
coupling  is  large,  the  spatial  frequency  response  can  be  quite  different 
than  Eq.  (i-I)  «md  the  angular  bean  width  reduced  significantly.  One 
kind  of  cross-coupling  would  be  distributed  coupling  in  an  array  face 
plate.  If  the  acoustic  impedance  of  a  face  place  were  different  than 
that  of  the  load  aedium,  a  transmitted  signal  fron  one  element  would  be 
partially  reflected  froa  the  face  plate-lead  interface  and  be  transmitted 
at  points  laterally  down  the  face  plate  away  fron  the  transmitting  element . 
The  net  effect  would  be  an  effective  radiating  surface  wider  than  the  trans¬ 
mitting  element.  The  spatial  frequency  response  would  be  somewhat  like 
that  of  Eq.  (1-1)  except  that  the  width,  L  ,  of  the  element  would  have 
to  be  replaced  by  an  effective  width,  L  ,  where  L  >  t  .  Therefore, 
the  acceptance  angle  would  be  smaller  than  chat  predicted  by  Eq.  (1-1). 
Radiation  froa  excited  filler  material  between  slotted  elements  could 
also  have  this  effect. 

Adjacent  elements  to  the  transmitting  element  can  be  excited  acous¬ 
tically  or  electrically.  A  simple  theory  can  be  constructed  to  account 

for  this  sort  of  coupling  by  assuming  the  coupling  amplitude  to  be  of 
id 

the  fora  ae  where  a  is  a  coupling  coefficient  and  0  is  a  phase 
shift.  The  coupling  to  the  nC^  nearest  neighbor  then  vJH  be  nae*n®. 

The  spatial  frequency  response  is  easily  shewn  to  be 

r  35 

F(5)  “  A  slnc(kL  sin  5/2)  i  1  -  2  ^  ane*a®  cos(nki  sin  5) 

*■  0 


(3-81) 


where  l  is  the  center-to-center  spacing  and  N  is  the  number  of 
neighboring  element  pairs.  As  can  be  seen  in  Eq.  (3-81),  the  first 
term  is  just  the  uncoupled  sin  x/x  response  of  a  single  element. 

The  tern  in  brackets  is  the  modulation  due  to  excitation  of  neigh¬ 
boring  elements. 

Some  of  che  effects  of  cross-coupling  caa  be  demonstrated  by  examin¬ 
ing  plots  of  che  spatial  frequency  response  shown  in  Eq.  (3-81).  In 
Fig.  3-26,  |F(6)'  is  shown  for  several  values  of  coupling  coefficient 

including  only  nearest  neighbor  coupling  and  assuming  2er  phase  shift, 
a  center-to-center  spacing  to  width  ratio  (i/l)  of  2,  and  k  -  168  . 

It  can  be  sees  that  coupling  of  -20  dB  introduces  fairly  significant 
modulation  of  the  bean  pattern  and  a  reduction  in  che  3  d 3  half  bean 
width  fren  40°  to  15°.  Similar  results  show  that  cross-coupling  should 
be  kept  to  below  25  to  30  dB  in  order  to  achieve  broad  acceptance  angle 
transducers.  The  effect  of  phase  shift  can  alter  drastically  the  fora 
of  the  spatial  frequency  response  as  seen  in  Fig.  3-27.  In  this  figure, 

*  FO) i  is  plotted  for  0°  and  90c  phase  shifts  for  -3  dB  elesent-to- 
elesent  coupling  Including  10  pairs  of  neighboring  elements,  rhe  sane 
parameters  are  assumed  as  in  Fig.  3-26.  In  this  case,  when  a  90°  phase 
shift  is  introduced,  there  is  a  oinimua  m  the  response  at  2-0° 
instead  of  a  maximum.  As  can  be  seen,  interpretation  of  the  spatial 
frequency  response  can  be  complicated  when  the  coupling  is  strong. 

Most  of  the  arrays  built  by  the  author  had  elements  connected  in 
parallel  in  pairs  in  order  to  introduce  reroes  in  the  spatial  frequency 
response  where  tire  first  Imaging  system  grating  sidelobes  occurr**d. 
Therefore,  the  angle  of  acceptance  of  one  double  element  was  dominated 
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ANGLE  OF  ACCEPTANCE, DEGREES 


by  a  term  like  cos(ki  sin  3/2)  .  However,  one  tungsten-epoxy  backed 
array  vas  buiic  in  which  a  0.004"  thick  epoxy  face  place  was  cast  onto  the 
front  of  the  array  and  in  between  the  individual  elements.  The  array 
has  0.0147"  vide  double  elements  with  0.025”  center-to-center  spacing 
between  the  elements.  The  epoxy  face  place  and  filler  introduced 
strong  cross-coupling  in  the  array  which  is  evident  in  the  angular 
acceptance  curves  shown  in  Fig.  3-28.  Since  the  curves  in  Fig.  3-28 
are  only  shown  for  1 6  J  <  20°  ,  the  peaks  at  3  *  40°  to  60°  from  the 
double  element  are  not  seen.  However,  the  changes  in  the  spatial  fre¬ 
quency  response  due  to  the  cross-coupling  are  evident  and  are  strongly 
frequency  dependent.  A  frequency  varying  phase  shift  could  yield  the 
response  seen  in  Fig.  3-28.  It  is  clear  that  filling  in  the  spaces 
between  elements  with  material  like  epoxy  and  using  a  face  plate 
acoustically  different  than  water  unacceptably  degrades  the  spatial 
frequency  response  of  the  array. 

A  plot  of  acceptance  angle  for  a  lead-backed  array  with  a  thin 
Mylar  face  plate  is  shown  in  Fig.  3-29.  Good  agreement  between  experi¬ 
ment  and  theory  is  shown  in  this  plot  with  small  cross-coupling  intro¬ 
ducing  small  peaks  at  :23°.  In  later  arrays,  a  commercial  brand  (3m) 
plastic  self  adhesive  clear  plastic  tape  was  also  found  to  be  accept¬ 
able  as  a  face  plate  and  had  the  advantage  of  being  very  easy  to  apply. 
This  tape  is  0.005"  thick,  is  very  flexible,  and  stretches  easily.  The 
tape  was  applied  by  vacuum  suctioning  the  tape  down  to  the  face  of  the 
array.  The  angular  acceptance  of  the  tungsten-epoxy  backed  array 
described  in  Fig.  3-15  which  uses  this  tape  as  a  face  plate,  is  shown 
in  Fig.  3-30  at  frequencies  of  2.5  MHz,  3  MHz,  and  4  MHz,  respectively. 
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FIC.  3-26.  Experiments!  angular  response  of  an  array  vith  a 
amount  of  cross-coupling. 


large 


.25  - 


EXPERIMENTAL 

THEORETICAL 

NOTE:  F« 2  MHz 


KIC.  3-29.  CowjmrtHon  of  thuoroticul  mxl  experimental  annular  roiiponno  of  tiinnaLon-upoxy  bucked 
array  element. 


The  aeasured  acceptance  angles  of  25°,  28°,  and  13°,  respectively,  are 
soaeuhat  less  than  the  theoretical  angles  of  43°,  38°,  and  28°  predicted 
frca  Eq.  (1-2).  However,  there  are  no  large  oeaks  or  valleys  in  the 
overall  bean  pattern.  A  best  solution  would  be  to  use  a  aaterial  with 
acoustic  properties  similar  to  water  for  the  face  plate.  As  nentioned 
earlier,  soae  polyurethane  aaterials  aeet  this  requirenent. 
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CHAPTER  IV 


MONOLITHIC  TRANSDUCER  ARRAYS 

A.  INTRODUCTION 

A  second  type  of  transducer  array  suitable  for  acoustic  inaging 
cakes  use  of  an  acoustically  catched  conolithic  slab  of  piezoelectric 

caterial  onto  which  individual  electrodes  have  been  deposited  to  fora 
18  19  42 

the  array  elements.  *  *  Standard  photolithographic  techniques 

sake  the  construction  of  this  kind  of  array  a  relatively  slcple,  flexi¬ 
ble,  and  inexpensive  process.  By  acoustically  catching  the  ceraclc 
with  a  oatched  backing  or  vlth  quarter-wave  plates  into  the  load,  not 
only  would  the  bandwidth  and  efficiency  be  greatly  Increased  as  already 
discussed,  but  also  the  acceptance  angle  can  be  cade  to  approach  the 
critical  angle  of  the  load-ceraaic  interface. 

In  an  uncatched  transducer,  waves  entering  the  ceracic  free  water 
will  b-  reflected  and  re-reflected  within  the  ceraalc  because  of  the 
high  icpedance  aisaatch  at  each  surface  of  the  transducer.  These  reflec¬ 
tions  add  tc  give  a  strong  signal  near  noraal  incidence,  but  at  angles 
other  than  noraal,  the  signal  level  falls  radically.  This  can  be  quanti¬ 
fied  by  reasoning  that  the  transducer  response  is  caxicus  when  kZ  cos3^*s*t, 
wnere  R  is  the  propagation  constant  of  a  wave  in  the  transducer  caterlal, 

I  is  the  thickness  of  the  transducer,  and  3q  is  the  angle  of  the  wave 
propagating  through  the  ceracic  cakes  to  the  noraal,  as  shown  in  Fig.  4-1. 
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of  intercut. 


An  unbacked  PZT-5A  transducer  with  water  on  one  side  has  a  of  36 

froa  Eq.  (2-6),  so  the  bandwidth  would  be  only  about  3Z.  Fron  the 

above  forsula,  the  angle  of  acceptance  in  the  ceraaic  would  be  where 

cos  0  ■  f  ft  -  0.985  or  9  *  z9.9°  .  Froa  Snell's  law  then,  the 
c  o  u  o  9 

angle  of  acceptance  is  where  the  incident  angle  is  0^  *  £3.4°  .  In 
addition,  the  reflected  waves  bouncing  back  and  forth  down  the  cono- 
lithic  slab  would  result  in  strong  cross-coupling  to  adjacent  elec¬ 
trodes.  The  slotted  transducer  is  free  fron  this  defect  since  the 
only  cocsunication  is  acoustically  through  the  backing  or  face  plates 
or  electrical  pick-up. 

These  problems  can  be  overcone  by  acoustically  catching  the  piezo- 
18 

electric  aaterial  on  either  face.  In  this  case,  the  Q  of  the 
resonator  will  be  snail,  and  the  plane  wave  entering  the  transducer  will 
not  be  re-reflected  froa  the  aatched  face.  Thus,  there  is  no  build-up 
of  field  at  normal  incidence,  and  the  angle  of  acceptance  and  bandwidth 
will  be  large.  An  angle  of  acceptance  approaching  the  critical  angle  of 
water  to  the  active  caterial  can  be  obtained  in  a  weil-catched  trans¬ 
ducer  array.  For  PZT-5A  (v^  ■  4. 35(10) S  ,  the  longitudinal  critical 
angle  in  water  is  20.2°.  For  lead  cetaniobace,  this  critical  angle  is 
32°. 

An  interesting  case  utilizes  PVF^  plastic  file  as  the  active  na- 

6  32 

terial.  Since  the  lspedar.ee  of  PVF^  is  3.82(10)  ,  a  broadband  trans¬ 
ducer  with  good  efficiency  can  be  easily  constructed^  without  the  use 
of  quarter-wave  plates.  Also  since  the  velocity  of  PVF^  is  only 
2.15(10)^,  the  longitudinal  critical  angle  is  44°  which  is  larger  than 
any  other  piezoelectric  caterial  for  this  nonolithic  structure.  Theo¬ 
retical  predictions  of  the  spatial  frequency  response  of  such  an  array 
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is  included  in  Section  4-E. 


Monolithic  arrays  should  also  prove  to  be  very  useful  in  sone  non¬ 
destructive  testing  applications.  In  this  case,  the  oonclithlc  slab 
could  be  affixed  directly  to  a  glass  or  cecal  block  which  would  be  in 
direct  contact  with  the  test  saaple.  Alternatively,  the  piezoelectric 
slab  could  be  in  direct  contact  with  the  test  saaple.  Longitudinal  or 
shear  waves  coulc  be  directly  coupled  into  the  saaple;  or  by  using  code 
conversion  at  a  free  boundary  in  the  block,  shear  waves  could  be  launched 
into  the  test  specinen  froa  a  longitudinal  wave  array.  With  the  ideal 
iapedance  natch  available  in  this  case,  excellent  efficiency,  band¬ 
width,  and  broad  beanvidth  operation  can  easily  be  achieved  without  the 
necessity  of  slotting.  One  such  array  was  built  and  is  described  in 
Section  4-F.  This  array,  using  P2T-5A  on  aluainua,  showed  the  excellent 
broad,  uniforc  bean  pattern  predicted  by  theory.  Monolithic  arrays 
shculc  find  vide  application  In  nondestructive  testing  applications. 

S.  THEORY  OF  ANGULAR  DEPENDENCE  OF  MONOLITHIC  TRANSDUCER 

A  siople  physical  picture  of  the  angular  dependence  of  a  oonolithic 
transducer  elecer.t  can  be  obtained  by  considering  the  simplest  possible 
case,  chat  of  a  transducer  with  perfectly  oatched  backing,  as  illus¬ 
trated  in  Fig.  4-1.  A  plane  wave  with  displaceoent  aaplicude  ut  is 
assuaed  to  be  incident  on  the  transducer  froa  the  water  load  at  an 
angle  9^  .  The  longitudinal  coapcnent  of  the  refracted  wave  travels 
in  the  transducer  at  an  angle  6^  determined  by  Snell’s  law.  Assuaing 
chat  u^  and  are  continuous  at  the  interface,  the  cransclssion 


coefficient  can  be  obtained  and  the  induced  voltage  V  expressed  in 

terns  of  the  acoustic  velocity  anplitude  of  a  plan*  vave  entering  the 

array  at  incident  angle  0^  .  Shear  terns  are  ignored  for  simplicity, 

and  u  is  taken  as  the  displacement  corresponding  to  a  plane  vave 
o 

propagating  in  the  ceramic  at  an  angle  d  to  the  z-axis.  The  magni- 

o 

tude  of  the  propagation  constant  kQ  of  the  vave  is  determined  fros 

the  stiffened  velocity  and  is  in  the  direction  0  .  In  this  case, 

J  o 

strains  associated  with  the  vave  are 


-ik  u  cos^9  •  -ik  u 

cos  9  , 

(4-1) 

0  O  0  o  oz 

0 

2 

-ik  u  sin  S  -  -ik  u 

O  o  0  0  oz 

sin  3  can  3  , 

0  0 

(4-2) 

and  the  exponential  dependence  has  been  suppressed.  Assuming  open 
circuit  conditions  (D^  -  C)  one  then  obtains  the  results 


T3  ‘  -ilCouoziCOS  5o  S3  +  =31  Ca"2  9o)  '  (4'3) 


and  c33  -  C33(l»«*3/c*lCj3)  and  '3X  *  =31(1  +  e*3e*l/e3l4)  *  and 


-ik  z  cos  5 


ik  u  cos  { 
o  oz 


z3 


2  -  x 

tan  e  ) 


<*-4) 


where  it  is  assumed  chat  e  ,  is  zero  as  in  the  case  of  ferroelectric 
x3 

ceramics.  Integration  of  Eq.  (4-4)  across  the  tiansducer  gives  the 
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voltage  in  terns  of  u 


or 


*  (e  _  +  e  .  tan ^5  ) 
z3  zl  o 


Talcing  arui  T^  continuous  at  the  interface*  the  transmission  coef¬ 

ficient  can  l>r  obtained  and  the  induced  voltage  V  expressed  in  terms 
of  the  particle  velocity  amplitude  of  a  plane  wave  entering  the  array 
at  incident  angle  5^  .  Equation  (4-5)  then  becomes 


2  2 

2se  ,v.  cos8  [cos  6  +  (e  ,/e  jsin  9  1 

z3  x  i  o _ 21  zj  o 

-  2  —  —  2 

u  c  cos8  +  (2  /2.  )cose  [cos  9  +  (c  ,/c,..)sin  5  ] 

0  22  0  T  ■'  1  O  U  O 


sin( (2/2) (m/oo)cos9o) 
(2/2)W»0)cos9o 


where  Zr  is  the  transducer  impedance*  Z y  the  impedance  of  water,  and 

5.  and  9  are  related  by  Snell's  Law. 
i  c 

2 

Inspection  of  Eq.  (4-6)  shows  that  lv!  is  zero  where  tan  - 
e^/e.^  since  e^  is  negative  in  piezoelectric  ceranics.  If  e^j 
were  zero,  the  zero  in  j v|  would  occur  at  8^  •  90  which  is  the  longi¬ 
tudinal  critical  angle.  For  nonzero  e^  ,  the  zero  in  jv|  occurs  for 

values  of  e  less  than  90°  or  equivalently  for  angles  of  Incidence  less 
c 

than  the  longitudinal  critical  angle.  In  P2T-5A,  the  zero  occurs  at 
5^  .  17.3°  ,  about  3°  less  than  the  critical  angle  of  20.2°.  The  voltage 
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is  a  caximua  near  k  £  cos  8  »  *  or  cos  8  -  u  /w  .  Thus,  for  y  >  u 

o  o  oo  o 

the  response  rises  co  a  maximum  as  9^  increases  from  2ero  and  then  falls 
to  2ero  near  the  critical  angle. 

A  sore  complete  theory  caking  into  account  shear  waves  has  been 
18  5' 

developed,  ‘  '  «n£  the  results  prcgrac^cd  for  calculation  on  a  digital 

computer.  The  program  can  take  a  large  number  of  layers  of  isotropic 

materials  of  various  acoustic  properties  so  that  multiple  quarter  wave 

matched  and  backed  arrays  can  be  evaluated.  The  general  results  in  Eq. 

(4-6)  arebo-oeout  by  this  core  complicated  theory  as  seen  in  Fig.  4-2. 

The  theoretical  angular  and  frequency  dependence  for  a  sonolichic  array 

element  is  shown  in  Fig.  4-3.  This  transducer  is  »s«umed  to  be  backed 

6 

with  tungsten-loaded  epoxy  of  impedance  22(10)  and  longitudinal  veloc¬ 
ity  1.46(10)*,  where  the  ceramic  is  PZT-5A  (see  Table  3-2),  and  radiating 
directly  into  water.  From  the  figure  one  can  see  that  broad  angle  opera¬ 
tion  up  to  t!5°  acceptance  angle  can  be  obtained  over  a  5C2  bandwidth. 

C.  OTERIXEbTAL  RESULTS  WITH  BACKED  MONOLITHIC  ARRAYS 

A  rive-element  test  array  was  constructed  by  soldering  1.092  cm 
(2  XHr)  thick  PZT-5A  onto  a  thick  lead  backing.  The  array  elements  were 
constructed  by  depositing  33  cm  long,  0.279  ca  wide  Cr-Au  electrodes  on 
1.324  ma  centers  onto  the  face  of  the  ceramic  slab.  The  angular  depen¬ 
dence  of  each  element  was  measured,  and  the  relative  output  power  is  com¬ 
pared  to  the  theoretical  result  at  one  frequency  in  Fig.  4-4.  The  width 
of  the  element  electrode  is  chosen  co  be  small  compared  to  a  wavelength 

at  2.7  Mfir  fl.35  f  )  so  that  the  angular  response  is  unaffected  by  the 
o 

phase  variation  across  the  width  of  the  electrode.  Good  agreement 
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between  theory  and  experiment  can  be  seen  In  Fig.  4-4.  The  measured 
response,  however,  has  a  pronounced  peak  at  0°  incidence  which  is  caused 
by  coupling  to  the  adjacent  unelectrodod  ceramic.  The  peaks  at  i26°  are 
the  result  of  coupling  to  shear  waves  beyond  the  longitudinal  critical 
angle.  This  effect  occurs  in  all  aonolithic  arrays  and  yields  a  beam 
pattern  that  is  unacceptable  in  most  inaging  systems  where  the  load  is 
water.  In  the  next  section,  a  method  for  eliminating  these  large  peaks 
beyond  3*  for  water-loaded  ceramic  arrays  will  be  discussed. 

In  Fig.  4-5  che  effect  of  grounding  the  adjacent  elements  can  be 

seen  for  the  test  array  element  in  Fig.  4-4.  It  can  be  seen  that  the 

angular  response  of  the  transducer  is  greatly  affected  by  this  simple 

procedure  and  that  it  more  closely  approximates  the  point  response 

theory  discussed  in  the  previous  section.  The  snail  size  of  the  peaks 

in  the  angular  response  beyond  5*  in  Fig.  4-5  is  attributed  to  the 

coupling  to  the  adjacent  ungrounded  ceranic.  Spacing  of  grounded  areas 

around  a  monolithic  element  appears  to  change  the  angular  response  of 

these  peaks  in  a  conplicated  tanner.  Grounding  che  entire  region  around 

the  element  results  in  a  dranatlc  change  in  the  angular  response,  as  can 

be  seen  in  Fig.  4-6.  In  this  figure,  the  angular  response  of  an  element 

from  a  63-element  tungsten-epoxy  backed  2  MHz  aonolithic  array  is  shown 

for  normalized  frequencies  f/f  *  1  and  f/f  ■  1.25  .  The  adjacent  area 

o  o 

is  grounded.  The  large  peaks  beyond  sf  are  due  to  excitation  of  shear 
and  Rayleigh  waves  and  is  predicted  by  the  complete  numerical  theory. 

The  dip  between  the  peaks  corresponds  to  the  shear-icngitudinal  critical 
angle  3^  -  The  small  peak  at  0°  is  due  to  some  capacitive  pickup  not 
affected  by  the  adjacent  grounded  area.  The  large  peaks  in  the  angular 
response  make  this  sort  of  array  useless  in  most  imaging  systems-  A 
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solution  to  this  problea  is  to  introduce  an  angular  filter  into  the 
transducer  design  to  cut  off  the  response  beyond  6*  or  use  a  lower 
velocity  piezoelectric  material.  These  approaches  will  be  discussed 
in  the  next  sections. 

The  bacdwidths  of  the  monolithic  test  array  elements  reported  here 
are  50Z  as  expected  froa  the  staple  icpedance  matched  transducer  theory. 
However,  a  good  natch  ’••tween  theory  and  experimental  results  for  the 
electrical  impedance  was  not  obtained  from  the  staple  point  response. 

The  electrical  iapedance  of  a  test  array  elesent  is  shown  in  Fig.  4-7. 

The  flatness  of  the  iapedance  characteristics  is  excellent  and  is  such 
flatter  than  expected  froa  the  staple  transducer  theory. 

D.  ELIMINATION  OF  ANGULAR  response  beyond  longitudinal  critical 

ANGLE 

As  seen  in  the  last  section,  monolithic  transducer  arrays  aade  froa 
high  velocity  piezoelectric  ceraaics  radiating  into  a  low  velocity  load 
such  as  water  have  large  peaks  in  the  angular  response  beyond  the  longi¬ 
tudinal  critical  angle.  These  peaks  are  the  result  of  excitation  of  shear 
and  Rayleigh  waves  in  the  ceraaic  and  they  are  undesirable  in  cost  inaging 
systems.  One  cethod  of  eliminating  these  peaks  is  suggested  here  which 
employs  another  material  acting  as  an  angular  filter  located  between  the 
load  and  the  ceramic  whose  properties  are  chosen  so  that  the  response 
beyond  the  longitudinal  critical  angle  is  cut  off.  Such  ac  angular  fil¬ 
ter  might  also  be  used  to  eliminate  system  grating  lobes  as  veil.  Ideally 
this  material  would  have  nearly  the  same  impedance  as  the  ceramic  so  as 
to  greatly  affect  the  overall  transducer  response,  or  the  impedance  could 
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be  chosen  to  be  the  first  layer  of  a  set  of  quarter-wave  matching  layers. 
The  angular  filtering  property  would  be  achieved  by  choosing  the  cater ial 
which  has  wave  velocity  cuch  greater  chan  the  load  longitudinal  velocity. 
The  angular  filter  would  then  have  small  longitudinal  and  shear  critical 
angles,  and  very  little  response  would  be  induced  in  the  ceramic  beyond 
the  ceramic  to  load  longitudinal  critical  angle.  Ideally,  V.  and 
of  the  angular  filter  would  be  nearly  equal  so  that  the  response  would 
fall  off  for  both  waves  at  about  the  same  angle.  In  the  angular  filter 
beyond  the  cutoff  angles,  the  field  amplitude  will  fall-off  across  the 
filter  as  exp(-]k*,Sy|)  where 


(4-8) 


The  thickness  cf  the  plate  should  be  chosen  so  chat  these  amplitudes  are 

small  at  the  f ilter/ceraaic  boundary* 

A  siaple  case  is  a  PZT-5A  sonolithic  array  vich  a  matched  backing. 

The  theoretical  angular  response  of  an  elenent  is  shown  in  Fig.  — 8  for 

several  frequencies.  The  large  nonunifora  response  beyond  5  *  IS  Is 

evident.  An  excellent  choice  for  an  angular  filter  in  this  case  is 

nagnesiun  oxide  (HgO,  Z^  ■  34(10)  ,  ■  8.85(10)  ,  •  6.37(10)  ). 

The  iopedance  of  HgO  Is  alaost  Identical  to  that  of  FZT-5A,  and  the 

velocities  are  very  high  and  close  to  each  other.  The  critical  angles 

-re  el  »  9.6°  and  9s  «  13.4s  .  The  angular  point  response  of  the 
c  c 
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PIG.  4-8.  Theoretical  angular  rcnpoiiHc  of  PJCT-5A  monolithic  nrrny  element  with  a  ?.  ■  25(10)  backing 


filtered  monolithic  transducer  is  shown  in  Fig.  4-9  for  several  values 
of  MgO  thickness  at  the  half-wave  resonant  frequency.  The  exponential 
decay  froa  the  angular  filter  is  evident  in  all  cases.  The  best  choice 
of  thickness  appears  to  be  about  one-third  the  resonant  frequency  wave¬ 
length.  Below  this,  the  decay  is  not  rapid  enough  to  eliminate  soae  of 
the  peakiness  beyond  the  critical  angle;  and  above  this,  the  decay  froa 
the  longitudinal  cutoff  is  coo  rapid  which  introduces  new  peaks  for 
9  <5*  .  A  major  problea,  of  course,  with  this  kind  of  transducer  is 
that  if  a  layer  as  chick  as  1/3  is  applied  cn  top  the  ceramic,  the 

transducer  will  tend  to  resonate  at  0.50  f  and  1.10  f  ,  yielding  a 

o  o 

double  humped  bandshape  and  concomitant  non-ideal  inpuse  response. 

The  application  of  this  type  of  transducer  would  be  extreaely  liaiced. 

Another  possibility  for  a  aonolithic  array  is  the  use  of  quarter- 
wave  catching  layers  where  one  of  the  catching  layers  with  a  high 
longitudinal  velocity  acts  as  an  angular  filter.  One  such  design  was 
pursued  theoretically  u»ing  silicon  (2^  ■  19.7(10)*,  *  8.43(10)*, 

»  5.84(10)*)  as  the  first  of  three  quarter-wave  plates.  The  other 
layer  caterlals  were  a  tungsten-epoxy  ccnposite  (Z^  *  7(10)  )  and  poly¬ 
styrene  (Z.  -  2.4(10)°).  The  theoretical  angular  acceptance  of  this 
arrangement  is  shown  in  rig.  4-10  for  several  frequencies.  Angular 
cutoff  is  achieved,  but  the  A/4  thickness  of  the  silicon  necessary 
for  optisa t!  transducer  response  does  not  allow  the  fields  to  die  off 
fast  enough  when  9  >  9*  to  prevent  soae  peakiness.  In  addition, 
and  V  for  silicon  are  far  enough  apart  sc  that  the  decays  froa 
the  two  shear  and  longitudinal  filter  cutoffs  are  not  coincident  enough 
to  prevent  peakiness  inside  5^  .  rinding  a  suitable  material  to  act 
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?IG.  4-10.  Theoretical  angular  response  of  three-layer  quarcer-uave 
catched  PZT-5A  aonolithic  array  element  us ins  silicon 
an  angular  filter  and  first  Batching  layer. 
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3s  both  catching  layer  and  angular  filter  is  a  formidable,  if  not 
impossible*  cask.  An  array  of  this  nature  vould  be  difficult  tbsa  to 
inplecent  in  practice. 


e.  ?vf  MONOLITHIC  ARRAYS 

As  mentioned  in  previous  sections,  large  differences  in  longitudi¬ 
nal  velocities  between  the  piezoelectric  section  of  the  transducer  and 
the  load  medium  will  cause  a  zero  in  the  angular  response  at  the  longi¬ 
tudinal  critical  angle  »t  angles  like  15°  for  P2T-5A  and  water.  In 
addition,  large  peaks  in  the  angular  response  beyond  this  point  result 
from  coupling  to  shear  waves  in  the  transducer.  These  effects  can  be 
reduced  by  using  a  piezcelectric/loarf  configuration  where  the  longi¬ 
tudinal  velocities  are  similar  and  where  the  shear  wave  impedances  of 
the  two  media  are  fairly  close. 

One  structure  of  interest  uses  PVF^  as  the  piezoelectric,  backed 

32 

with  a  high  impedance  material  like  brass,  radiating  into  water. 

The  loaglcudiral  wave  cutoff  is  H  as  mentioned  earlier.  The  trans¬ 
ducer  vould  operate  near  a  quarter-wave  resonance  in  this  case,  how¬ 
ever,  since  the  PVF^  is  terminated  at  the  back  essentially  by  an 
infinite  backing  impedance.  As  shown  in  Fig.  --11,  the  theoretical 
angular  response  of  this  transducer  is  plotted  for  thicknesses  of 
0.2  and  0.3  of  the  acoustic  wavelength  in  PVF^-  The  coupling  con¬ 
stant  wa$  taken  to  be  2ero  in  these  computations,  although  in 

fact  it  is  quite  large.  Later  computations  Including  e^  *od  shear 
wave  loss  have  been  made  by  Shaw,  -einscei n,  and  Drake. ^  As  can  be 
seen,  the  angular  response  is  broader  t.han  the  case  of  ceramic  and 
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water,  but  not  as  broad  as  expected.  In  addition,  there  are  large 
peaks  in  the  angular  response  beyond  9*  due  to  the  nistaatch  of  the 
shear  wave  in  PVF0 .  This  effect  cay  be  largely  reduced  in  practice 
since  PVF*  is  probably  very  lossy  to  shear  waves.  The  theoretical  point 
response  program  does  not  include  any  loss.  If  these  peaks  are  reduced 
in  practice,  then  one  would  expect  an  acceptance  angle  of  30°  for 
f  •  0.4  fQ  and  only  7°  for  f  ■  0.6  f  .  This  low  angular  acceptance 
was  not  expected  and  cay  result  free  operation  of  the  transducer  near  the 
quarter-wave  resonance  with  a  reflecting  backing  instead  of  at  a  half¬ 
wave  resonance.  The  calculations  in  Reference  56  show  that  the  large 
negative  value  of  does  reduce  the  angular  acceptance  by  reducing 

the  received  signal  in  the  regice  beyond  the  scall  peak  at  22°.  The 
very  strong  peak  in  the  beac  pattern  at  54°  is  considerably  reduced  by 
introducing  high  shear  wave  loss,  however.  It  is  evident  that  cuch 
acre  work  is  needed  to  build  ~  *  aolithic  transducer  arrays  with 
large  angular  acceptance. 

F.  CERAMIC  OS  METAL  MONOLITHIC  ARRAYS 

An  important  application  of  sonolithic  transducer  arrays  lies  in 
the  area  of  nondestructive  testing.  In  this  case,  inages  of  flaws  can 
be  produced  by  directly  coupling  the  acoustic  energy  generated  by  the 
transducers  into  the  sasple  to  be  inaged  instead  of  using  an  inter¬ 
vening  low  icpedance  coupling  cediun  like  water.  A  longitudinal  or 
shear  wave  array  of  high  velocity  ceranlc  like  lend  zirconate  titanate 
can  be  directly  coupled  into  a  sanple  or  attached  to  a  buffer  naterial 
which  is  then  directly  coupled  to  the  sasple.  The  advantage  of  this 
technique  is  twofold.  First,  since  nany  of  the  typical  note rials  of 
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interest  in  nondestructive  testing,  such  as  steel,  aluminum,  and  ceramics, 
have  high  impedances  like  that  of  piezoelectric  ceramics,  a  high  efficiency, 
broad  bandvidth  array  can  be  easily  produced  without  the  use  of  quarter-wave 
matching  layers.  Also,  since  the  acoustic  velocities  of  these  aaterials  are 
as  large  or  larger  then  those  of  the  transducer  material,  there  are  no 
longitudinal-longitudinal  or  shear-shear  critical  angles,  thus  allowing 
broad,  unifora  spatial  frequency  responses  for  aonolithic  array  elements. 

To  demonstrate  the  use  of  nonolithic  arrays  for  this  purpose,  a 
longitudinal  monolithic  array  was  constructed  by  epoxying  a  slab  of 
PZT-5A  ceraaic  onto  an  aluminum  buffer  block. 

In  the  case  where  the  load  medium  velocity  is  greater  than  chat 
of  the  piezoelectric  material,  there  is  no  longitudinal  wave  critical 
angle.  Theoretical  curves  were  con? need  for  PZT-5A  ceraaic 
(Vt  -  4.35(10)  )  radiating  into  aluminum  *  6.3(10)*)  and  compared 
to  experimental  values  for  the  sane  configuration.  The  experimental 
data  were  taken  by  epoxying  a  0.500"  *  0.031"  slab  of  PZT-5A  ceraaic 
onto  the  edge  of  an  aluminum  plate  2"  thick  by  the  usual  thin  bonding 
technique.  Sixty  array  elements  were  defined  on  the  ceraaic  by  etching 
away  a  1  pa  thick  Cr-Au  film  on  the  top  surface  of  the  ceraaic.  The 
eleaents  were  0.02G”  wide  «  0.450"  long  and  the  area  around  the  elements 
was  left  covered  with  gold  and  grounded  to  fora  a  shield.  The  radiation 
pattern  of  the  center  element  was  determined  by  machining  the  place  in  a 
cylindrical  surface  of  3"  radius  around  the  center  of  the  array.  A  3/4” 
diameter,  2  MHz  thin  disc  transducer  was  bended  to  a  block  of  aluminum 
with  a  front  surface  matching  that  of  the  plate.  The  angular  response 
was  easily  checked  by  moving  the  transmitting  plane  wave  transducer 
around  the  surface  and  receiving  the  signal  with  the  center  oonolichic 
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array  element  as  a  function  of  angle.  The  angular  responses  for 
f  “  fQ  and  f  ■  0.8  f  are  shown  la  Figs.  4-12  and  4-13  and  cospared 
to  theory.  Excellent  agreement  between  theory  and  experiment  are  demon¬ 
strated  in  these  figures,  and  acceptance  angles  of  37°  and  33°,  respec¬ 
tively,  arc  shown.  Little  evidence  of  exciraticn  of  shear  waves  is 
seen,  although  the  small  peaks  in  rigs.  4-12  and  4-13  at  40°  could  be 
caused  by  this  effect. 

As  can  be  seen  from  Figs.  4-12  and  4-13,  excellent  monolithic 
transducer  arrays  can  be  constructed  for  this  important  area  of  appli¬ 
cation  in  nondestructive  testing.  The  excellent  impedance  catch  between 
metals  and  piezoelectric  ceramics  allows  the  simple  construction  of 
extremely  efficient  transducer  arrays  with  50  to  1001  band widths  de¬ 
pending  on  the  exact  properties  of  the  netal  and  ceramic  used.  In 
addition,  broad  and  uniform  spatial  frequency  responses  are  automa¬ 
tically  obtained  since  critical  angle  phenomena  are  eliminated.  Jtono- 
lithlc  arrays  should  become  an  important  part  cf  future  nondestructive 
testing  imaging  systems. 
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Compar luon  of  tliuoretlcal  veruuo  experimental  angular  ruuponau  of  nlr-bnckcd 
I7.T-5A  array  clcmunt  radlatliiK  Into  aluminum  at  f  «  0.8  f  . 


APPENDIX  A 


PROOF  OF  THE  VARIATIONAL  FORM  OF  LOAD  ADMITTANCE  OF 
A  NARROW  SLOTTED  TRANSDUCER  ELEMENT 

An  expression  for  the  effective  adaittance  of  a  narrow  slotted 
element  radiating  into  an  infinite  half -space  was  derived  in  Section 
3-D-  In  this  appendix,  it  is  shown  that  this  expression,  Eq,  (3-58). 
is  variational  in  fora  with  respect  to  the  assumed  stress  field  T^(x)  . 
The  expression  for  the  admittance  is 

ff  T*(x) &(x,x')  T3(x')  dxdx1 
Y2  - - (3-58) 

/Wx/T3,ldx 

By  definition,  (3-58)  is  variational  in  fora  if  dY^  *  0  when  T^(x)  is 
changed  only  to  first  order.  Taking  the  first  order  variation  in  Y^  , 
one  obtains 


6Y, 


-  Y 


*jy<5T3)sT3 dxdx'  *  dxdx' 

/T3q*dx/T3,ldX 

[  X<5T3)<,ld3e  J"T3<5ldx  */T3t’ldx  /viT3)ql  dx] 
/T3<,ldx/T3qldx 


(/*> Jr* gjdx  joYj-  -^JJ [3T*)5T.dxdx'  +  Y°y^3q*dx  J CiT*^, 

+  |^T*'5'*T3)dxdx’  +  Y°y*(iT3)q*dxyi 


T3qldx 


(A-l) 
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Pros  (3-51)  and  (3-56) ,  it  follows  that  if  higher  order  nodes  are 
neglected,  one  obtains 


(x‘)  S (x,x’)dx' 


qjdS 


dx 


(A-2) 


and 


J' (x,x')dx*  -  -  ^  q*dx 


(A-3) 


Substituting  (A-2)  and  (A-3)  into  (A-i) ,  one  obtains  for  the  right  hand 
side  of  (A-l) : 


Since  (1/2,)  =  Y°  ,  all  the  tencs  in  the  above  expression  cancel  out. 
Therefore  CY^  ■  0  and  Eq.  (3-58)  is  a  variational  expression  for  the 
load  impedance  of  a  narrow  slotted  elencnt. 
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APPENDIX  B 

GREEK'S  FUNCTIONAL  FORM  OF  V^B)  FOR  ISOTROPIC  SOLIDS  AND  LIQUIDS 

To  evaluate  the  effective  radiation  admittance  of  a  slotted  trans¬ 
ducer  element,  it  is  necessary  to  determine  the  Green’s  function  ex¬ 
pressed  in  Eq.  (3-58).  This  is  done  as  shown  in  Section  3-D  by 
applying  Parseval's  theorem  to  the  numerator  of  Eq.  (3-59).  The  prob¬ 
lem  then  Is  reduced  to  determining  the  functional  fora  of  v^fS)  in 
terns  of  T^(S)  for  the  cases  where  the  load  media  are  isotropic  solids 
or  liquids.  These  forms  are  determined  in  this  appendix. 

The  loading  or  backing  medium  is  taken  to  be  Isotropic  which  is  the 
case  for  the  backings  employed  in  the  transducer  arrays.  For  an  isotropic 

material,  the  acoustic  fields  can  be  derived  from  a  scalar  potential  i 
—  54 

and  a  vector  potential  V  as  shown  in  Auld.  The  velocity  field  is 


v  -  7^  +  7  x  i 


(B-l) 


where  6  and  p  obey  the  wave  equations 

725  -  (i/v2)o2«m2)  -  o 

VZi  -  (X/V2)(32d/3t2)  •  0 


(3-2) 


Since  it  has  been  assumed  chat  there  is  no  y-dependence,  Eqs.  (5-1) 
become 


v  -  3d/3x  -  3*/3z 

x 


-  34/3z  -r  3v/3x 
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(B-3) 


where  $  =  $  • 

Taking  solutions  of  (B-2)  of  the  fora 

-iBx  -iS^z  iwt 
i  -  A  e  e  e 

(B-4) 

-iSx  -iS  z  iut 
$  «  B  e  e  e 


dispersion  relations  are  easily  found  to  be 

"22  2 

s'  +  si  ■  k*  ■  <u/V 

82  +  S:  -  k2  -  MV  )2 
s  s  s 

Now* 

Tj  -  XSX  +  (X  +  2u)Sj 


where  X  and  u  are  Che  Land  constants,  and 


i^si  - 

3v^/3x 

iwS^  “ 

3v  /3z 
z 

iwS.  - 

3v  /3z  +  3v  /3x 
x  z 

(B-5) 


(B-6) 


(B-7) 
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Substituting  (B-3)  and  (3-7)  into  (B-6) ,  one  gets  for  the  stresses  at 
the  boundary  (z  «  0)  : 


.if 

*°\ 


K32  +  32)  t  2 u62 


A  +  (2a3s3)B  Je 


!  i(ut-Bx) 


(23St)A  +  (S2- 82)3  ei(ut_S!t) 


r 


(B-3) 


(B-S) 


Since  we  have  taken  T.  *  0  at  the  boundary,  the  ratio  of  3/A  is 
found  fron  (3-9)  and  substituted  Into  (B-8).  Th  result  is 

.2 


t3  •  -rr{i(<|2+sI)  +  2a[3t+  iftjj 


(B-10) 


where  the  hantonlc  dependence  has  been  suppressed.  Sow  it  is  easily 
shown  that 

,2 


k2  -  2k2 
s  1 


X 


(2-11) 


Substituting  Eds.  (3-5)  Into  (3-11)  yields 


a2  ,2 
3  TSi 

2  2  2 
2-3-237 


(B-12) 


Substituting  (B-12)  into  (3-10)  then  yields 


uA/“  \  (  2  22  2} 

-Z\7^l  j«.-A  +«.vf  (B-13) 


where  the  quantity  in  bracket.*;  is  recognized  as  the  Rayleigh  wave  dis¬ 
persion  relation. 
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Froa  E<5s.  <b-3)  and  (B-4),  it  ts  easily  shovn  that 


APPESDIX  C 


INTEGRATION  OF  THE  VARIATIONAL  EXPRESSION  FOR  THE 
RADLATIOS  1MPEDASCE  OF  A  SLOTTED  ELEMENT 

The  =echod  of  integrating  Eq.  (3-6-')  is  shown  in  this  appendix 
and  is  identical  to  that  of  Hiller  and  ?ursey.~°  Since  the  integrand 
of  (3-64)  is  syssoetrle,  the  integral  •  do  betoaes  2  /_  dS  . 

Csing  a  norealired  variable  q  -  S/ks  ,  asking  use  of  Eqs.  (B-5).  and 
noting  -  (k2/k.E.)  .  (3-64)  can  be  then  written 


Y 


1 


k  d 

r 

V 

1  2  .V 

4-1 

1 

.  sin(k  d/2)--2 
\ 

i  . 

0  1 

Cl-2C2^  4 

a2  “ 

{  ) 
(ksd/2)i  ' 

(C-’ ) 


2  2  2c  - 1 

where  a"  *  (V^/V^)  »  -  TT  and  e  is  Poisson's  ratio. 

The  contributions  to  can  be  divided  into  three  regires  as  shown 
in  Fig.  (C-l^ .  In  the  regime  0  ^  •  <  a  ,  the  contribution  is  entirely 
real  and  corresponds  to  power  being  carried  away  by  both  longitudinal  and 
shear  waves.  Pros  the  branch  cut  at  Z  -  a  to  the  branch  cut  at  Z  m  1  , 
the  contribution  is  both  real ,  froa  shear  waves,  and  imaginary,  iron 
evrnescent  longitudinal  waves,  Froa  Z  *  1  to  ;  “  •  ,  the  contribution 
is  entirely  imaginary,  arising  froa  evar.»  —  .  longitudinal  a  «d  shear 
waves  except  at  the  pole  .  The  contribution  froa  the  pole  at  ;  * 
corresponds  to  power  radiated  Into  the  Sayleign  wave. 
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BRANCH 

CUTS 

k'  \ 


f 


RAYLEIGH  POLE 


I 


« 

L 


PATH  OF 
INTEGRATION 


Schematic  Graving  of  path  of  integration  used  to  calculate 
the  integral  in  Ec.  (3-65). 


The  Rayleigh  pole  occurs  at  c  *  vhere 


f(sr)  -  [1-2$^  -  4^  ViR-iVcR--2  *  0  •  (C-S) 

Since  che  Rayleigh  wave  velocity  is  always  less  chan  V$  , 

CR  >  1  .  The  path  of  incegratioc  is  taken  around  the  cop  half  of  a 
circle  of  radius  r  centered  at  £  -  as  shown  la  Fig.  (C-i).  The 
contribution  at  the  pole  is  determined  froa  the  checrea 


If  tin  (z-a)  C(z> 
z-a 


-1 


/ 

tin 

r-0 


G(z)dz  -  -ri  a 


-1  * 


where  a_^  is  the  residue  of  the  pole.  G(z)  is  the  integrand  of  (C-4); 
therefore 

2 

a  1  •  V*;—  — — —  **  — — 

“A  *  \  (kLd/2)  /  i-C,  F«) 


The  iinlc  in  (C-6)  has  been  carried  out  by  Viktorov  "  and  can  be 

The  contribution  to 


directly  calculated  by  evaluating  (dr/dO  * , 


'3 


the  adnittance  fros  tne  Rayleigh  pole  is  found  to  be 


«*»> 


V  I 

^  1 

4azJ 

[2£sa-2iR)^ 

/slcCyj/r)^  \ 

\  ft.d/2)',  I 


(C-7) 


(C-9) 


A  little  care  nusc  be  exercised  Is  evaluating  the  second  Integral 
in  (C-9)  Co  avoid  numerical  problems  near  the  Rayleigh  pole.  For  a 
simple  pole,  the  Laurent  series  near  the  pole  is 


a-l 

FiO  -  - —  +  aQ  +  a,(-  -  -p)  *  ...  (C-10) 

*  "  ?R 

vhere  a_j  is  the  residue.  For  6  »  (E  -  ER>  snail,  the  first-order 
and  higher  teres  can  be  neglected.  The  integral  is  then  taken  in 
sections  I  <£*!••  1  ana  ER  +  4  <_  5  <  R  vhere  R  and  5  are 
chosen  to  xeec  an  arbitrary  accuracy.  In  the  regime  (ER-i)  <  ;  < 
(ER-*-d)  ,  the  integral  is  simply  . 
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